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I.     Introduction. 

1.  Preliminary. — The  usefulness  of  reinforced  concrete  as  a  struc- 
tural material  depends  on  the  strength  and  permanency  of  the  bond 
between  the  concrete  and  the  reinforcing  metal,  and  for  this  reason  bond 
resistance  has  received  much  attention  from  engineers  and  experimenters. 
It  is  said  that  Thaddeus  Hyatt  made  tests  to  determine  the  bond  be- 
tween concrete  and  iron  bars  as  early  as  1876.  During  the  past  decade 
numerous  bond  tests  have  been  reported.  These  tests  have  been  charac- 
terized by  a  lack  of  uniformity  in  the  form  of  the  test  specimen  and  in 
the  methods  of  conducting  the  tests,  as  well  as  by  the  wide  variations 
in  the  values  reported  for  bond  resistance.  In  nearly  all  the  tests  thus 
far  published  values  of  maximum  bond  resistance  only  have  been 
given.  These  test  results  and  the  discussions  called  forth  by  them  have 
furnished  the  basis  for  a  great  variety  of  opinions  as  to  the  value  of 
bond  resistance.  Many  explanations  of  the  source  and  nature  of  bond 
resistance  have  been  given.  Various  methods  have  been  advocated  for 
increasing  bond  resistance  and  numerous  devices  have  been  employed 
for  this  purpose. 

Present  American  practice  is  fairly  standardized  as  to  the  bond 
stresses  to  be  used  in  designing,  but  a  rational  basis  for  the  stresses 
used  is  lacking  and  there  is  a  great  diversity  of  practice  in  the  methods 
of  calculating  these  stresses.  There  are  many  phases  of  bond  action 
which  are  not  now  understood.  It  is  evident  that  the  distribution  of 
bond  stress  in  reinforced  concrete  members  under  load  and  the  nature 
and  value  of  bond  resistance  under  given  conditions  may  well  be  the 
subject  of  experimental  investigation. 

2.  Scope  of  Bulletin. — The  tests  reported  in  this  bulletin  were  un- 
dertaken with  a  view  to  securing  additional  information  on  the  nature 
of  the  bond  resistance  of  reinforcing  bars  in  concrete,  to  determining  val- 
ues of  bond  resistance  for  a  wide  range  of  conditions,  and  to  studying  bond 
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action  in  specimens  of  different  forms.  Tests  were  made  on  pull-out 
specimens  and  on  reinforced  concrete  beams.  In  both  forms  of  speci- 
men attention  was  given  to  obtaining  accurate  measurement  of  the  slip 
of  bar  through  the  concrete  as  the  loading  progressed.  In  many  of  the 
beam  tests  the  slip  of  bar  at  various  points  along  its  length  was  meas- 
ured for  different  loads.  In  the  discussion  of  bond  resistance  the  load- 
slip-of-bar  relation  has  been  utilized  to  a  considerable  extent.  These 
measurements  are  useful  in  indicating  the  distribution  of  bond  stress. 
They  are  particularly  significant  in  the  beam  tests.  In  a  few  of  the 
beam  tests  the  distribution  of  bond  stress  was  studied  by  measuring 
the  changes  in  the  stress  in  the  longitudinal  reinforcement  throughout 
the  length.  The  values  found  for  bond  resistance  and  the  relative  bond 
resistance  found  in  beam  tests  and  pull-out  specimens  are  also  interest- 
ing features  of  the  investigation. 

The  pull-out  tests  consisted  in  applying  load  to  a  short  reinforcing 
bar  embedded  in  a  block  of  concrete.  The  concrete  block  was  generally 
8  in.  in  diameter  and  8  in.  long,  with  the  bar  embedded  axially.  In 
certain  groups  of  tests  these  dimensions  were  varied.  The  size  of  bar 
used  varied  between  *4  m-  and  l1/^  in-  The  pull-out  tests  covered 
a  wide  range  and  included  effect  of  dimensions  of  specimen,  effect  of 
form  of  bar,  effect  of  conditions  of  storage,  effect  of  age  and  mix,  using 
both  plain  and  deformed  bars,  effect  of  different  methods  of  loading, 
bond  resistance  of  concrete  setting  under  pressure,  effect  of  reapplied 
loads,  comparison  with  the  bond  resistance  of  reinforced  concrete  beam-, 
etc.  The  deformed  bars  used  included  most  of  the  forms  in  use  at  the 
time  the  work  was  begun,  but  it  should  be  noted  that  the  tests  with  de- 
formed bars  were  intended  to  bring  out  the  action  of  the  deformed  bar 
as  contrasted  with  the  plain  bar  and  not  to  determine  the  value  of 
particular  forms  of  bars. 

A  special  effort  was  made  to  determine  the  behavior  o\'  beams  sub- 
jected to  high  bond  stresses.  The  beams  tested  were  8  by  L2  in.  in 
section  with  an  effective  depth  of  10  in.  The  span  length  was  gener- 
ally 6  ft.;  a  few  beams  were  tested  with  span  lengths  of  5  to  10  ft. 
All  beams  were  tested  with  two  symmetrical  loads,  generally  at  the  one- 
third  points  of  the  span.  With  the  exception  of  six  tests,  the  longi- 
tudinal reinforcement  consisted  of  a  single  bar  of  large  diameter  placed 
horizontally  throughout  the  length  of  the  beam.  Both  plain  and  de- 
formed bars  were  used. 
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3.  Acknowledgment. — The  tests  reported  herein  were  made  in  the 
Laboratory  of  Applied  Mechanics  of  the  University  of  Illinois  and 
formed  a  part  of  the  investigations  of  reinforced  concrete  and  other  struc- 
tural materials  which  are  being  conducted  by  the  Illinois  Engineering 
Experiment  Station.  These  tests  cover  the  experiments  which  were 
designed  with  special  reference  to  a  study  of  bond  between  concrete  and 
steel  during  the  period  1909-1912.  The  work  was  done  under  the  direc- 
tion of  A.  N".  Talbot,  Professor  in  Charge  of  the  Department  of  Theo- 
retical and  Applied  Mechanics.  The  writer  is  indebted  to  Professor 
Talbot  for  many  helpful  suggestions  in  planning  the  tests  and  in  inter- 
preting the  data. 

In  the  1912  beam  series  the  work  of  testing  was  done  under  the 
writer's  supervision  by  Messrs.  W.  W.  Manspeaker  and  A.  W.  Wand, 
senior  civil  engineering  students  of  the  class  of  1912.  These  tests  fur- 
nished the  subject-matter  of  their  baccalaureate  thesis,  where  a  very 
creditable  report  on  the  tests  was  presented.  These  men  exercised  great 
care  in  carrying  out  the  routine  of  the  work  and  they  are  to  be  com- 
mended for  the  way  in  which  they  met  the  demands  of  an  unusually 
arduous  program  of  tests.  The  other  tests  were  made  by  the  writer 
with  the  assistance  of  various  members  of  the  Laboratory  staff. 

II.     Materials,  Test  Pieces  and  Methods  of  Testing. 

4.  Concrete  Materials. — The  materials  were  the  same  as  used  for 
other  concrete  and  reinforced  concrete  specimens  made  and  tested  by 
the  Engineering  Experiment  Station  during  the  period  1909  to  1912. 
The  quality  of  the  materials  may  be  considered  as  representative  of 
that  used  in  first-class  concrete  wrork  in  the  central  states. 

Cement.  Most  of  the  test  specimens  were  made  with  Universal 
Portland  cement,  which  was  furnished  by  the  manufacturers.  Chicago 
AA  portland  cement  was  used  in  the  1909  series  of  beam  tests  and  in 
Batch  No.  4  of  the  1909  pull-out  tests.  Lehigh  cement  was  used  in 
part  of  the  1911  beam  series.  The  Chicago  A  A  and  Lehigh  cements 
w^ere  purchased  from  a  local  dealer.  The  results  of  briquette  tests  of 
these  cements  are  given  in  Table  1.  Samples  were  taken  at  intervals 
throughout  the  season.  Each  value  given  is  the  average  of  five  briquette 
tests.  Vicat  needle  tests  on  the  three  samples  of  the  1909  lot  of  Uni- 
versal cement  showed  initial  set  to  occur  at  1  hr.  45  m.,  and  final  set 
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at  3  hr.  45  m.  after  mixing.  Sieve  analysis  showed  96.5%  passing 
a  No.  100  sieve  and  81.9%  passing  a  No.  200  sieve.  The  1912  lot  of 
Universal  cement  (7  samples)  gave  the  following  average  values:  initial 
set,  3  hr.  5  m.,  final  set,  6  hr.  32  m.;  97.2%  passing  a  No.  100  sieve 
and  81.8%  passing  a  No.  200  sieve.  All  cement  tests  recorded  in  this 
bulletin  were  made  by  Mr.  B.  L.  Bowling,  Assistant  in  Charge  of  Cement 
Laboratory,  University  of  Illinois. 


TABLE  1. 

Briquette  Tests  of  Cements. 

Each  value  is  the  average  of  five  tests. 

Unless  otherwise  noted,  standard  Ottawa  sand  was  used  in  the  1-3  briquettes. 

The  results  are  expressed  in  pounds  per  square  inch. 


Neat 

1-8 

Neat 

1-3 

Sample 
No. 

7  days 

28  days 

7  days 

28  days 

7  days 

28  days 

7  days 

28  days 

Universal  Cement 

(1909) 

Chicago  AA  Cement 

1 
2 

3 

607 
595 

017 

732 
772 

853 

197 
179 

160 

281 

280 

278 

742 
716 

725 

783 

807 

768 

205 
232 
288* 
176 

270 
306 
331* 
254 

Average 

606 

786 

179 

280 

728 

786 

204 

277 

Universal  Cement 

(1911) 

Lehigh  Cement. 

1 

589 

674 

198 

265* 

278 
323» 

719 

805 

248 

329 

2 

684 

709 

227 

28S 

3 

653 

731 

240 

319 

4 

662 

696 

214 

282 

Average 

647 

702 

220 

290 

Universal  Cement 


(1912) 


l 

2 
3 
4 
5 
6 
7 

Average 


585 

685 

239 

315 

577 

694 

225 

297 

691 

715 

242 

306 

617 

792 

231 

326 

588 

672 

246 

333 

612 

758 

253 
287 

323 

698 

884 

372 

624 

743 

246 

325 

*  Made  with  sand  used  in  making  concrete;  not  included  in  average. 
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Sand.  The  sand  came  from  a  deposit  of  glacial  drift  near  the 
Wabash  River  at  Attica,  Indiana.  Nearly  all  the  clay  or  loam  had  been 
removed  by  washing.  Fineness  tests  of  samples  from  the  three  lots  of 
sand  are  given  in  Table  2.  A  single  set  of  briquette  tests  made  from  a 
sample  of  the  1909  lot  of  this  sand,  using  Chicago  A  A  cement,  gave 
values  about  10%  higher  than  briquettes  made  from  the  same  sample 
of  cement  using  standard  Ottawa  sand.  A  set  of  briquettes  made  from 
the  1911  sand  using  Universal  cement  gave  values  about  25%  higher 
than  the  standard  sand.  The  values  from  these  tests  are  included  in 
Table  1.  The  sand  was  well  graded,  but  it  will  be  noted  that  the  1912 
sand  was  somewhat  coarser  than  the  other  lots. 

Stone.  The  crushed  limestone  came  from  Kankakee,  Illinois.  It 
had  been  screened  through  a  1-in.  screen  and  over  a  ^-in.  screen. 
Mechanical  analyses  of  a  number  of  samples  of  this  stone  are  given  in 
Table  3.     It  contained  about  48%  voids. 

5.  Concrete. — The  concrete  was  proportioned  by  loose  volume. 
The  material  was  weighed  also  in  order  to  obtain  an  independent  check 
on  the  proportions  of  each  batch.  The  ratios  of  the  weights  of  the 
materials  used  in  most  of  the  specimens  are  given  in  Tables  4,  25,  27 
and  31.  In  making  the  1909  specimens  the  cement  was  measured  in 
buckets,  as  was  done  for  the  other  materials.  This  resulted  in  con- 
siderable variation  in  the  batches.  The  practice  of  considering  95  lb. 
of  cement  equal  to  1  cu.  ft.  was  adopted  for  the  1911  and  1912  tests. 
This  is  in  reality  a  weight  proportioning  for  the  cement  and  is  more 
rational  than  the  older  method. 

The  work  of  mixing  and  placing  the  concrete  was  done  by  men 
of  considerable  experience  in  concrete  work.  The  foreman  has  been 
employed  in  the  laboratory  since  1905,  but  has  spent  five  or  six  months 
each  year  on  contract  work  in  concrete.  All  of  the  concrete  except  that 
used  in  the  last  two-thirds  of  the  1912  beam  series  was  mixed  by  hand. 
The  hand-mixing  was  done  directly  on  the  floor  of  the  concrete  labora- 
tory. The  cement  and  sand  were  first  mixed  dry;  the  stone,  which  had 
previously  been  thoroughly  moistened,  was  added  and  the  batch  then 
turned  until  it  presented  a  uniform  appearance.  The  first  operation 
usually  required  five  or  six  turnings,  and  the  last  two  or  three.  Water 
was  added  and  the  material  then  turned  until  thoroughly  mixed. 

In  December,  1911,  a  9-cu.  ft.,  motor-driven,  batch-mixer,  made 
by  the  Marsh-Capron  Mfg.  Co.,  Chicago,  Illinois,  was  installed.  The 
second  and  third  beams  in  each  set  of  three  in  the  1912  series  and  the 
corresponding  auxiliary  specimens,  as  well  as  some  later  miscellaneous 
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pull-out  specimens,  were  made  of  machine-mixed  concrete.  With  trie 
machine  running  continuously,  the  stone  and  sand  were  placed  in  the 
mixer  and  about  one-half  the  required  amount  of  water  admitted.  The 
cement  was  then  added  and  the  remainder  of  the  water  admitted  at 
the  same  time.  The  amount  of  water  used  in  each  batch  was  measured 
and  recorded.  The  drum  of  the  mixer  operated  at  about  22  revolu- 
tions per  minute.  Each  batch  was  mixed  for  about  5  minutes  after 
adding  the  cement.    When  the  mixing  was  complete,  the  batch  was  dis- 

TABLE  2. 
Mechanical  Analysis  of  Sand. 


Separation 
Size 
inches 

Per  cent  Passing  Each  Sieve 

Sieve  No. 

1909 

1911 

1912 

3 

0.28 

99.7 

99.8 

100.0 

5 

.174 

95.0 

96  7 

88.0 

10 

.091 

77.5 

74.4 

54  3 

12 

.067 

70.3 

67.6 

47  5 

16 

62.8 

61.0 

417 

18 

.043 

51.1 

50.2 

32.9 

30 

.027 

28.2 

30.3 

21  2 

40 

.019 

16.9 

17.0 

13  3 

50 

.013 

5.8 

7.0 

5.1 

74 

.009 

3.1 

3.3 

2.7 

150 

0.8 

0.8 

1.0 

TABLE  3. 
Mechanical  Analysis  of  Stone. 


Separation 
Size 
inches 

Per  cent  Passing  Each  Sieve 

Size  of 
Square 
Opening 

1909 
22  Samples 

1911 

8  Samples 

1912 
5  Samples 

lin. 

?4  in. 

Kin. 

H  in. 

No.  3 
No.  5 
No.  10 

0.280 
.174 
.091 

100 
87 
46 
29 
14 
2 
1 

100 
95 
57 
32 
18 
3 
2 

100 
95 
67 
46 

8 
3 
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charged  onto  the  concrete  floor,  and  was  later  removed  to  the  forms 
directly  with  shovels  or  by  means  of  a  wheelbarrow.  The  concrete  wsa 
mixed  rather  wet  so  that  very  little  ramming  was  necessary  after  placin; 
it  in  the  forms. 

6.  Reinforcing  Steel. — The  plain  round  bars  of  J^-in.  diameter 
and  larger  sizes  used  in  the  1909  and  1911  tests  were  of  high-carbon 
steel.  The  smaller  sizes  of  plain  round  bars  used  in  a  few  of  the  pull- 
out  specimens  and  all  the  plain  bars  used  in  the  1912  series  were  of 
mild  steel.  The  corrugated  bars  and  most  of  the  other  types  of  de- 
formed bars  used  were  of  high-carbon  steel.  The  Thacher  bars  were 
of  mild  steel.  See  Table  13  and  Fig.  21  for  details  of  deformed  bars. 
Additional  notes  concerning  the  character  and  preparation  of  the  steel 
are  given  with  the  discussion  of  the  various  groups  of  tests. 

Tensile  tests  on  the  steel  are  not  given  in  this  bulletin.  In  only  a 
few  of  the  tests  was  the  steel  stressed  to  the  yield  point,  and  these  are 
noted  in  the  tables. 

7.  Pull-out  Specimens. — The  specimens  for  pull-out  tests  consisted 
of  a  cylindrical  block  of  concrete  with  a  steel  bar  embedded  axially. 
The  blocks  were  generally  8  in.  in  diameter  with  embedment  of  8  in. 
In  some  of  .the  tests  both  the  diameter  of  the  block  and  length  of  em- 
bedment varied  from  these  figures.  The  pull-out  specimens  were  usually 
cast  in  a  vertical  position  with  the  bar  projecting  about  16  in.  below 
and  %  in-  above  the  finished  block.  The  forms,  consisting  of  gal- 
vanized sheet-steel,  were  set  up  on  a  platform  made  of  two  8-in.  or  12-in. 
I-beams  placed  with  their  flanges  about  2  in.  apart.  A  planed  cast-iron 
base  plate  made  the  bottom  of  the  form  for  the  concrete  cylinder.  A 
central  hole  in  the  base  plate  allowed  the  rod  to  pass  through.  These 
plates  were  removed  when  the  specimens  were  taken  from  the  forms. 
The  specimens  were  tested  in  the  same  position,  the  load  being  applied 
to  the  longer  end  of  the  bar.  The  usual  form  of  pull-out  specimen  is 
shown  in  Fig.  1  (a).  Other  pull-out  specimens  of  unusual  form  are 
shown  in  Figs.  36,  41  and  42. 

Nearly  all  of  the  pull-out  specimens  with  deformed  bars  in  the  1909 
series  and  certain  other  groups  of  specimens  were  reinforced  against 
bursting  by  means  of  six  or  seven  turns  of  %-in.  wire  in  the  form  of 
a  spiral.  This  spiral  was  set  inside  the  form  before  placing  the  con- 
crete and  was  near  the  outer  surface  of  the  concrete  block;  see  Fig.  1 
(b).  In  general,  the  spiral  reinforcement  was  not  used  in  the  pull-out 
specimens  made  with  the  reinforced  concrete  beams. 
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Generally,  the  test  pieces  were  made  in  sets  of  five;  but  for  a  few 
of  the  tests  the  specimens  were  made  in  sets  of  two  to  ten.  The  pull- 
out  specimens  made  as  companion  pieces  to  the  1911  and  1912  series 
of  beams  were  made  in  sets  of  three.  When  practicable,  the  individual 
specimens  of  a  set  in  the  1909  pull-out  series  were  made  from  different 
batches,  thus  minimizing  accidental  effects  in  a  given  set.  Frequent 
duplicate   sets  were  made  in  order  that  comparison  might  be  made 


mi   EitoaT  r 


_  m 

E3» 


u(*) 


"(£>) 


(e) 


J-o>/. 


.1 

m 

- /£' -! 

h — «*" — -\ 

{m 

• '■:  ?•■•„••. "•'.'  a. 

.'.  ».  ..■  ■    1-    \:- 

:/>■:■</■ 

1 

J4, 

' ,  J.   .'  ' 
1 

>  ...>■"•-.-  ?■■;■: 

Fig.  1.    Types  of  Pull-out  Specimens  Used  in  the  Tests. 


between  concretes  from  different  batches.  The  numbers  of  the  batches 
from  which  the  pull-out  specimens  of  the  1909  series  were  made  are 
given  with  the  tables  of  test  data. 

In  the  group  of  tests  on  deformed  bars  (Table  14)  one  specimen  of 
each  set  was  made  from  each  of  five  batches  which  were  mixed  at 
intervals  of  about  two  weeks.  In  the  series  on  "Effect  of  Age  and 
Mix,"  (Table  16)  three  specimens  with  plain  round  bars  and  two  with 
corrugated  bars  for  each  age  were  made  from  one  batch,  and  the 
maining  specimens  from  a  second  batch. 
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8.  Reinforced  Concrete  Beams. — The  1909  series  of  tests  included 
11  reinforced  concrete  beams;  the  1911  series,  36  beams,  and  the  1912 
series,  63  beams.  All  of  the  beams  (with  the  exceptions  mentioned  in 
Table  27)  were  8  by  12  in.  in  section.  The  length  was  generally  6y2  ft. 
A  few  of  the  beams  in  the  1911  and  1912  series  were  made  in 
lengths  of  5y2,  7%,  Sy2  and  10y2  ft.  The  arrangement  of  the  rein- 
forcement for  typical  forms  of  beams  is  indicated  in  Fig.  2.  The  ends 
of  the  bars  were  squared,  and  extended  flush  with  the  ends  of  the  beam. 
In  all  but  two  sets  of  beams  the  longitudinal  reinforcement  consisted  of 
a  single  straight  bar  placed  in  the  middle  of  the  width  of  the  beam, 
with  its  center  10  in.  below  the  top.  One  set  of  three  beams  in  the 
1912  series  was  reinforced  with  3  %-in.  rounds  and  one  set  with  4  %-in. 
rounds. 

All  of  the  beams,  except  a  part  of  the  1911  series,  were  reinforced 
with  vertical  stirrups  of  plain  round  bars  in  sizes  varying  from  %  to 
%  in.  The  stirrups  engaged  the  longitudinal  reinforcement  and  ex- 
tended to  the  top  surface  of  the  beams;  they  were  placed  4  in.  apart 
throughout  the  outer  thirds  of  the  beam  in  the  1909  series  and  6  in. 
apart  in  other  beams  in  which  stirrups  were  used.  In  the  beams  in  which 
the  longitudinal  reinfoi  cement  consisted  of  a  single  bar,  the  stirrups 
were  V-shaped;  in  the  beams  in  which  three  or  four  smaller  rods  were 
used  for  longitudinal  reinforcement,  the  stirrups  were  U-shaped;  in  the 
1911  and  1912  beams  the  ends  of  the  stirrups  were  curved  inward. 

The  beams  were  made  in  wooden  forms  directly  on  the  concrete 
floor  of  the  laboratory,  a  sheet  of  building  paper  having  been  placed 
under  the  form.  Generally  enough  concrete  was  mixed  at  one  time  to 
make  two  beams  and  the  corresponding  auxiliary  specimens.  Enough 
concrete  was  placed  in  the  form  at  first  to  fill  it  a  little  above  the  point 
where  the  center  of  the  reinforcing  bar  should  be.  After  placing  the 
reinforcing  steel  in  position,  the  form  was  filled  in  layers  of  about  3  in. 
depth.  From  the  first  few  batches  of  machine-mixed  concrete  only  one 
beam  was  made;  later  it  became  the  practice  to  discharge  two  batches 
together  on  the  cement  floor  of  the  laboratory  before  commencing  the 
making  of  the  beams.  This  supplied  enough  concrete  for  two  or  three 
beams  and  the  corresponding  auxiliary  specimens. 

The  1909  beams  were  considered  a  preliminary  group.  The  beams 
of  the  1911  and  1912  series  were  generally  made  and  tested  in  sets 
of  three. 
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9.  Auxiliary  Test  Specimens. — From  each  batch  of  concrete  three 
or  more  6-in.  cubes  were  made  for  compression  tests.  With  several 
groups  of  the  1909  pull-out  specimens  in  which  the  age  at  test  or  con- 
dition of  storage  were  varied,  sets  of  cubes  were  made  for  each  varia- 
tion. The  6-in.  cubes  were  made  in  metal  forms.  Plain  concrete  beams 
6  by  8  in.  in  section  and  42  in.  long,  for  flexure  tests,  were  made  from 
each  batch  of  the  1909  pull-out  tests.  Pull-out  specimens  were  made 
from  the  same  material  as  was  used  in  many  of  the  reinforced  concrete 
beams  of  the  1911  and  1912  series. 

10.  Storage  of  Concrete  Specimens. — The  1909  pull-out  speci- 
mens and  the  corresponding  6-in.  cubes  were  stored  in  damp  sand 
unless  otherwise  noted.  The  plain  concrete  flexure  beams  were  stored 
in  open  air.  "These  forms  were  removed  after  four  days  except  for 
the  specimens  tested  at  age  of  two  days.  The  specimens  were  stored 
in  a  damp  room  where  the  temperature  range  was  about  65°  to  75°  F. 

All  of  the  reinforced  concrete  beams  were  stored  in  the  open  air 
of  a  room  in  which  the  temperature  varied  from  50°  to  75°  F.  They 
were  wet  daily  with  water  from  a  hose  until  about  two  months  old.  The 
pull-out  specimens  made  with  the  1911  and  1912  series  of  beams  were 
stored  under  the  same  conditions  as  the  beams.  The  6-in.  cubes  made 
with  the  beams  were  stored  in  damp  sand.  The  forms  of  the  beams 
and  their  auxiliary  specimens  remained  in  place  seven  days. 

The  variations  in  the  conditions  of  storage  of  the  pull-out  speci- 
mens made  at  different  times  should  be  borne  in  mind  when  comparing 
the  bond  stresses  developed  in  the  different  series  of  tests. 

The  1909  pull-out  specimens  were  made  between  Jan.  1  and  May  5; 
the  1909  beams  between  Feb.  1  and  April  15;  the  1911  series  of  beams 
between  Jan.  1  and  April  15;  and  the  1912  series  of  beams  between 
Nov.  1,  1911,  and  Jan.  22,  1912.  Other  smaller  groups  included  under 
"Miscellaneous  Tests"  were  made  during  the  season  1911-1912.  The 
1909  pull-out  tests  were  generally  made  at  age  of  about  60  days.  In 
a  few  of  the  groups  of  pull-out  tests  the  age  ranged  from  2  days  to 
about  3!/2  years.  The  1909  beams  were  tested  at  about  100  days;  the 
1911  beams  and  pull-out  tests  at  about  8  months;  the  1912  beams 
and  companion  specimens  at  about  60  days. 

11.  Method  of  Making  Pull-out  Tests. — In  testing,  the  pull-out 
specimen  was  placed  above  the  weighing  head  of  the  testing  machine  as 
shown  in  Fig.  3.  The  lower  end  of  the  embedded  bar  was  engaged  by 
the  grips  of  the  pulling  head  of  the  testing  machine,  the  load  being 
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transmitted  from  the  concrete  cylinder  which  rested  on  a  planed  cast- 
iron  base  plate,  through  a  rubber  cushion  to  a  spherical  bearing  block 
through  which  it  passed  to  the  weighing  head  of  the  machine.  The 
rubber  cushion  served  to  reduce  the  rate  of  application  of  the  load 
during  the  earlier  stages  of  the  tests  and  to  minimize  the  effect  of 
shocks  arising  from  the  slipping  of  the  grips  or  vibration  of  the  testing 


Instrument  for rneas-^r 
uring  slip  of  bar 


Concrete  Block 


Cast  iron  Base  Plate 
Rubber  Cushion 
Cast  iron  Plate  _ 


^f 

h^%> 

-0-^              ^^#- 

II'1 

<3b 

3- 

Top  View  of  Yoke 


Fig.  3.     Pull-out  Specimen  in  Machine  Ready  for  Test. 


machine.  The  spherical  bearing  block  allowed  the  bar  to  take  a  vertical 
position  and  tended  to  prevent  bending  action  due  to  the  bar  being 
non-central  in  the  machine  or  not  parallel  to  the  axis  of  the  cylinder. 

A  100,000-lb.  Riehle  testing  machine  was  used  for  all  the  pull-out 
tests.  In  these  tests  the  moving  head  of  the  testing  machine  moved 
at  the  rate  of  0.05  in.  per  minute. 

In  the  pull-out  tests  the  amount  of  movement  of  the  free  end  of 
the  embedded  bar  was  measured  by  means  of  an  Ames  gage  in  contact 
with  the  upper  or  free  end  of  the  bar.     The  instrument  was  mounted 
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on  a  yoke  which  was  attached  near  the  top  of  the  concrete  cylinder,  as 
shown  in  Fig.  3.  This  instrument  is  self -indicating  and  requires  no 
manipulation  during  the  test.  It  is  graduated  directly  to  0.001  in.,  and 
fractional  parts  of  a  division  may  readily  be  estimated.  In  order  to 
test  the  stability  of  the  yoke  and  to  determine  whether  the  top  face  of 
the  cylinder  remains  a  plane  section  during  the  test,  four  additional 
Ames  gages  were  attached  to  the  yoke  at  different  points  along  the  diam- 
eter of  the  cylinder  in  a  number  of  tests.  The  yoke  remained  perfectly 
stable.  The  concrete  %  in.  from  the  bar  showed  a  measurable  depression, 
about  0.0002  in.  at  loads  near  the  maximum,  but  no  depression  could 
be  measured  at  points  further  than  1  in.  from  the  edge  of  the  bar. 

The  load  was  applied  continuously,  except  in  a  few  of  the  tests  in 
which  the  load  was  released  and  reapplied  after  the  beginning  of  slip 
at  the  free  end  of  the  bar.  As  the  test  progressed  the  loads  on  the  test- 
ing machine  corresponding  to  an  end  slip  of  0.0005  in.,  0.001,  0.002, 
0.005,  0.01,  0.02,  0.05,  and  0.10  in.,  were  noted.  A  slip  of  0.0005  in. 
is  about  the  smallest  amount  that  should  be  used  in  making  comparison, 
although  smaller  amounts  can  readily  be  measured. 

Two  men  were  required  to  conduct  a  test;  one  man  operated  the 
testing  machine  and  observed  the  loads,  while  the  other  observed  the 
amount  of  movement  of  the  bar  and  kept  the  test  notes. 

12.  Method  of  Making  Beam  Tests. — The  reinforced  concrete 
beams  were  loaded  in  a  200  000-lb.  Olsen  testing  machine.  The  beams 
were  tested  under  two  equal  loads  applied  generally  at  the  one-third 
points  of  the  span  length;  exceptions  to  this  method  of  loading  are 
noted  in  the  tables.  In  general  the  ends  of  the  beams  overhung  the 
supports  3  in.;  in  some  of  the  1911  tests  the  overhang  was  9  and  15  in., 
respectively.  The  supports  consisted  of  roller  or  rocker  bearings. 
Rollers  were  used  also  to  transmit  the  load  to  the  top  of  the  beams. 
Fig.  56  shows  a  beam  set  up  in  the  testing  machine  ready  for  loading. 

Center  deflections  and  the  movement  of  the  ends  of  the  reinforcing 
bars  were  measured  by  means  of  Ames  gages.  For  measuring  deflec- 
tions the  Ames  gage  was  attached  at  the  middle  of  a  wooden  bar  which 
was  carried  by  metal  points  at  the  mid-depth  of  one  face  of  the  beam 
at  points  directly  over  the  supports.  A  small  metal  bracket  attached  to 
the  beam  at  mid-span,  transmitted  the  movement  of  the  beam  to  the 
gage.  For  measuring  the  movement  of  the  ends  of  the  reinforcing  bar, 
the  gages  were  carried  by  yokes  in  such  a  way  that  the  plunger  had  a 
direct  bearing  against  the  end  of  the  bar. 
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In  many  beams  of  the  1911  and  1912  series  observations  were  made 
on  the  amount  of  movement  of  the  reinforcing  bar  with  respect  to  the 
adjacent  concrete  at  several  points  along  the  length  of  the  beam  as 
described  in  Art.  GG.  The  method  of  attaching  the  instruments  to  the 
beam  is  shown  in  Fig.  56. 

The  load  was  applied  in  increments  of  1000  or  2000  lb.  In  all  but 
five  of  the  beam  tests  the  load  was  increased  progressively  to  failure. 

13.  Auxiliary  Tests. — The  6-in.  cubes  were  tested  for  compressive 
strength  only.  About  one  clay  before  testing,  the  faces  to  be  loaded 
were  bedded  in  a  thin  layer  of  plaster  of  paris.  At  least  one  set  of  three 
cubes  made  with  each  batch  of  the  1909  pull-out  specimens  was  tested 
at  age  of  60  days. 

The  6  by  8  in.  plain  concrete  beams  made  with  the  1909  pull-out 
specimens  were  loaded  at  the  one-third  points  of  a  3-ft.  span  with  the 
8-in.  dimension  vertical.    The  age  at  test  was  generally  60  days. 

III.     Experimental  Data  and  Discussion. 

14.  Preliminary  Discussion  of  the  Nature  of  Bond  Resistance.— 
In  this  preliminary  discussion  it  will  be  necessary  to  anticipate  certain 
conclusions  which  appear  in  the  following  pages.  The  tests  therein 
reported  indicate  that  if  a  bar  embedded  in  concrete  is  subjected  to  a 
tensile  stress  sufficient  to  overcome  the  bond  resistance  and  withdraw 
the  bar,  certain  definite  relations  exist  between  the  amount  of  movement 
of  the  bar  and  the  bond  stresses  developed.  In  the  case  of  plain  bars 
of  ordinary  mill  surface  there  is  no  appreciable  movement  of  the  bar 
until  a  bond  stress  about  60%  of  the  maximum  bond  resistance  has 
been  developed.  If  the  bar  is  further  stressed  until  the  slip  amounts  to, 
say,  0.1  in.  it  will  be  seen  that  the  bond-slip  relations  have  undergone 
numerous  changes.  After  slipping  begins,  the  bond  stress  increj 
with  further  movement  of  the  bar,  very  rapidly  at  first,  then  more 
slowly  until  the  maximum  bond  resistance  is  reached.  After  the  maxi- 
mum bond  resistance  is  reached,  the  bond  stress  drops  off  with  further 
slip  and  at  a  slip  of,  say,  0.1  in.  amounts  to  about  50  to  60%  of  the 
maximum. 

For  purposes  of  this  discussion  bond  resistance  may  be  divided 
into  two  elements  which  we  shall  designate  as  (1)  adhesive  resistance 
and  (2)  sliding  resistance.  The  term  adhesive  resistance  is  used  to 
designate  the  bond  resistance  developed  before  movement  of  bar  with 
respect  to  the  adjacent  concrete  begins.     Sliding  resistance  is  applied  to 
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the  resistance  developed  as  a  result  of  the  movement  of  the  bar.  Ad- 
hesive resistance  may  be  considered  as  due  to  tangential  adhesion  be- 
tween the  concrete  and  steel  and  to  static  friction.  The  origin  of 
tangential  adhesion  is  not  well  understood,  but  its  presence  is  a  matter 
of  universal  experience  with  materials  of  the  nature  of  mortar  and 
concrete.  It  is  recognized  that  tangential  adhesion  does  not  account 
for  all  the  resistance  developed  before  slipping  begins,  but  the  difference 
may  be  attributed  to  static  friction  developed  by  the  pressure  or  grip 
of  the  concrete  on  the  bar.  As  soon  as  the  adhesive  resistance  is  over- 
come, that  is,  as  soon  as  the  bond  stress  exceeds  the  sum  of  the  tan- 
gential adhesion  plus  the  static  friction,  there  is'  a  movement  of  the 
bar  with  respect  to  the  adjacent  concrete.  Although  we  cannot  ac- 
curately divide  this  adhesive  resistance  into  its  component  elements,  the 
sum  of  these  elements  or  the  total  adhesive  resistance  can  be  determined, 
and  it  is  found  that  under  certain  conditions  it  bears  a  definite  ratio 
to  the  ultimate  bond  resistance. 

The  bond  resistance  which  is  developed  after  slip  of  bar  begins  may 
be  said  to  be  due  entirely  to  sliding  resistance.  Friction  between  bodies 
in  contact  arises  primarily  from  roughnesses  of  their  surfaces;  its  value 
is  expressed  as  the  product  of  the  coefficient  of  friction  into  the  normal 
pressure  which  exists  at  the  surfaces  of  contact.  The  static  friction 
mentioned  above  is  due  to  the  same  cause.  The  roughness  of  surface 
in  the  case  of  a  bar  embedded  in  concrete  is  due  to  inequalities  in  the 
surfaces  of  contact  which  arise  from  irregularities  of  section  and  align- 
ment of  the  bar  and  the  corresponding  conformation  of  the  concrete. 
The  coefficient  of  friction  between  concrete  and  steel  for  the  conditions 
present  in  these  tests  has  not  been  determined.  The  normal  pressure 
at  the  surface  of  the  bar  may  be  due  to  the  following  causes:  (a) 
initial  stresses  generated  by  shrinkage  of  the  concrete  during  setting  and 
hardening;  (b)  wedging  of  the  bar  in  the  concrete  following  a  move- 
ment from  its  original  position.  This  wedging  is  caused  by  the  inequal- 
ities in  the  bar  mentioned  above  and  in  itself  will  give  an  added  resist- 
ance. Apparently  it  is  augmented  under  certain  conditions  by  concrete 
adhering  to  the  bar. 

In  the  above  discussion  the  various  components  of  bond  resistance 
have  been  mentioned  in  the  order  in  which  they  become  effective  in  re- 
sisting bond  stress.  It  is  evident  from  these  considerations  that  what 
has  been  termed  adhesive  resistance,  that  is,  the  amount  of  bond  resist- 
ance which  may  be  utilized  before  slipping  begins,  is  by  far  the  more 
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significant  element.  While  frictional  resistance  is  of  importance,  re- 
liance should  not  be  placed  on  this  element  of  bond  resistance. 

It  was  stated  above  that  we  cannot  accurately  divide  adhesive  re- 
sistance into  its  component  elements;  however,  certain  tests  do  give 
some  indication  of  the  values  of  these  components.  A  large  number  of 
specimens  with  polished  round  bars  embedded  8  in.  in  1-2-4  concrete 
tested  at  age  of  60  days  gave  a  maximum  bond  resistance  of  about  160 
lb.  per  sq.  in.  In  these  tests  frictional  resistance  (both  static  and  slid- 
ing) was  reduced  to  a  minimum  and  bond  resistance  after  slipping 
began  was  almost  nil.  We  may  conclude  then  that  160  lb.  per  sq.  in. 
represents  about  what  may  be  expected  for  the  tangential  adhesion 
between  steel  and  concrete  of  this  quality.  It  seems  probable  that  the 
same  value  may  be  used  for  the  tangential  adhesion  between  any  clean 
steel  surface  and  concrete  of  the  quality  used.  Round  bars  with  ordi- 
nary mill  surface  tested  under  the  same  conditions  as  the  polished  bars 
show  slip  to  begin  at,  say,  260  lb.  per  sq.  in.  with  a  maximum  bond 
resistance  of  about  440  lb.  per  sq.  in.,  developed  after  a  slip  of  about 
0.01  in.  had  occurred.  The  difference  of  about  100  lb.  per  sq.  in.  between 
the  bond  resistance  developed  by  the  polished  bars  and  by  the  ordinary 
bars  when  slipping  begins  (corresponding  also  to  the  maximum  for  the 
polished  bars)  may  be  said  to  represent  the  value  of  static  friction  for 
the  bars  of  ordinary  mill  surface  above  that  of  polished  bars  embedded 
in  the  same  concrete.  The  additional  bond  resistance  developed  by  the 
ordinary  bars  after  slipping  begins  is  due  to  frictional  resistance. 

The  above  observations  refer  primarily  to  the  general  case  of  bond 
between  concrete  and  plain  bars;  for  deformed  bars,  certain  obvious 
modifications  in  these  statements  would  be  necessary.  It  will  be  seen 
later  that  the  conditions  under  which  the  specimen  is  molded  and  tested 
have  an  important  bearing  on  the  bond  resistance  developed  in  any  case. 

In  reinforced  concrete  beams,  where  the  reinforcing  bars  are  con- 
sidered to  take  the  main  tensile  stresses,  the  phenomena  of  bond  action 
are  complicated  by  the  stiffness  of  the  adjoining  concrete  in  resisting 
stretching  concurrently  with  the  steel.  This  results  in  anti-stretch 
slip,  a  term  which  is  discussed  at  length  in  Art.  68.  The  presence  of 
this  stress  makes  it  desirable  to  distinguish  between  the  phenomenon  of 
anti-stretch  slip  and  the  slip  produced  by  ordinary  beam  action. 

15.  Strength  of  Concrete. — The  compressive  and  flexural  strength 
of  the  various  batches  of  concrete  used  in  the  1909  series  of  pull-out 
specimens  are  given  in  Table  4.     For  convenience  of  reference  a  snni- 
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TABLE  4. 
Record  of  Batches  of  Concrete  Used  in  the  1909  Pull-out  Tests. 

The  average  compressive  strength  of  69  6-in.  cubes  from  19  batches  of  1-2-4  con- 
crete is  2150  lb.  per  sq.  in.;  the  average  modulus  of  rupture  of  18  6  by  8-in.  plain 
concrete  beams  loaded  at  the  Y/z  points  of  a  36-in.  span,  is  296  lb.  per  sq.  in.  The  aver- 
age values  with  the  mean  variations  for  the  cube  and  plain  beam  tests  may  be  ex- 
pressed as  2150=±=58  and  296=t=16  lb.  per  sq.  in.  respectively. 

The  tests  given  in  this  table  were  made  at  age  of  about  60  days. 

Stresses  are  given  in  pounds  per  square  inch. 


Date 

Number  of  Specimens 

Mixture 

Compressive 

Modulus  of 

Batch 

Made 

from  Batch 

by 

Mixture 

Strength 

Rupture  of 

No. 

Loose 

by 

of  6-in. 

6x8x36-in. 

(1909) 

Pull-out 

6-in. 

Flexure 

Volume 

Weight 

Cubes 

Plain  Beams 

Cubes 

Beams 

1 

Jan.        1 

47 

27 

1-2-4 

1-2.4-4.3 

1815 

376 

2 

Jan.        7 

48 

18 

1-1H-3 

1-1.8-3.3 

3060 

359 

3 

Jan.      12 

25 

15 

1-2-4 

1-2.5-4.0 

2898 

550 

4° 

Jan.      13 

40 

15 

1-2-4 

1-2.4-5.5 

1913° 

338° 

5 

Jan.      18 

39 

39 

1-3-6 

1-3.6-6.3 

1908 

282 

6 

Jan.      25 

5 

6 

1-1-2 

1-1.5-2.0 

4061* 

374 

7 

Jan.      22 

5 

6 

1-4-8 

1-5.0-8.8 

1155* 

151 

8 

Jan.      22 

5 

6 

1-2-2 

1-2.1-1.9 

2696* 

332 

9 

Jan.      22 

5 

6 

1-5-10 

1-6.3-10.2 

533* 

62 

10 

Jan.     27 

43 

6 

1-2-4 

1-2.4-4.2 

2180* 

255 

11 

Feb.       1 

24 

3 

1-2-4 

1-2.4-4.3 

1840 

375 

12 

Feb.       9 

47 

27 

1-2-4 

1-2.2-3.8 

2637 

303 

13 

Feb.     15 

25 

18 

1-1H-3 

1-1.9-3.3 

2688 

385 

14 

Feb.     15 

5 

3 

1-2VS-5 

1-3.0-5.1 

1555 

223 

15 

Feb.     15 

5 

3 

1-2-3 

1-1.8-2.4 

1733 

302 

16 

Feb.     25 

5 

3 

1-2-5 

1-2.1-5.0 

1685 

122 

17 

Feb.     19 

50 

6 

1-2-4 

1-2.3-4.3 

1683* 

240 

18 

Feb.     25 

5 

3 

1-2-1 

1-2.1-1.1 

2870 

336 

19 

Feb.     25 

30 

21 

1-3-6 

1-3.4-6.2 

1242 

183 

20 

March    1 

42 

18 

1-1-2 

1-1.2-2.1 

3000 

367 

21 

March   6 

45 

21 

1-4-8 

1-4.6-8.3 

1298 

167 

22 

March  10 

23 

3 

1-2-4 

1-2.3-4.2 

2043 

213 

23 

March  11 

33 

18 

1-1-2 

1-1.2-2.0 

3488 

335 

24 

March  15 

51 

6 

1-2-4 

1-2.0-3.5 

1468* 

151 

25 

March  19 

25 

3 

1-2-4 

1-2.4-4.3 

1950* 

165 

26 

March  20 

30 

18 

1-4-8 

1-4.8-8.5 

800 

27 

March  23 

57 

6 

1-2-4 

1-2.4-4.3 

1675 

247 

28 

March  30 

5 

3 

1-2-6 

1-2.4-6.6 

1108 

113 

29 

March  30 

10 

3 

1-2-0 

1-4.2-0. 

357 

30 

March  27 

53 

6 

1-2-4 

1-2.4-4.2 

17i5 

172 

31 

March  31 

38 

3 

1-2-4 

1-2.3-4.1 

2300 

332 

32 

March  31 

5 

3 

1-2-8 

1-2.4-8.0 

1240 

117 

33 

April      8 

40 

24 

1-1H-3 

1-1.6-3.1 

371 

34 

April    19 

42 

3 

1-2-4 

1-2.5-4.5 

1950 

202 

35 

April    23 

45 

9 

1-2-4 

1-3.1-5.9 

3040 

427 

36 

April    16 

26 

3 

1-2-4 

1-2.4-4.5 

1770 

238 

37 

April    24 

48 

3 

1-2-4 

1-2.4-4.2 

2460 

357 

38 

May       5 

7 

3 

1-3-6 

1-3.7-6.5 

967 

257 

39 

April    29 

60 

21 

1-2-4 

1-2.2-4.1 

2190 

379 

40 

May      3 

55 

36 

1-2-4 

1-2.4-4.3 

2560 

Total 

1198 

444 

39 

0  Batch  No.  4  was  made  from  Chicago  AA  cement;  all  others  from  Universal  cement. 
*  Average  of  6  tests;  all  other  values  for  cube  strength  are  the  averages  of  3  tests. 
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mary  of  the  strength  of  concrete  from  the  most  important  groups  of 
tests  is  given  in  Table  5.  This  table  includes  all  the  tests  on  6-in. 
cubes  which  were  stored  in  damp  sand  and  tested  at  age  of  about  60 
days.  The  average  compressive  strength  of  G9  6-in.  cubes  from  19 
batches  of  1-2-4  concrete  in  Table  4  is  2150  lb.  per  sq.  in.;  the  average 
flexural  strength  of  the  same  concrete,  296  lb.  per  sq.  in.  Values  for  the 
compressive  strength  of  the  concrete  used  in  each  group  of  specimens  are 
given  in  the  tables  of  test  data.  Other  data  of  compressive  strength  for 
different  mixes  and  ages  are  shown  in  Tables  16  and  18  and  in  Fig.  35. 
Values  for  different  conditions  of  storage  are  given  in  Table  12. 


TABLE  5. 
Compressive  and  Flexural  Strength  of  Concrete. 

All  cubes  given  in  this  table  were  stored  in  damp  sand.     The  plain  beams  were 
stored  in  the  open  air. 

Cube  tests  for  other  ages  and  conditions  of  storage  are  given  in  Tables  12  and  16. 
Stresses  are  given  in  pounds  per  square  inch. 


Mix 


Cement 


Method 

of 
Mixing 


Number 

of 
Batches 


A  s.e  at 
Test 
days 


6  x  S  x  36-in. 
Plain  Beams 


Number 
of  Tests 


Modulus 
of  Rupture 


6-in.  Cubes 


Number 
of  Tests 


Com- 
pressive 

Strength 


1-2-4 
1-2-4 


1909 


1-1-2 

Universal 

Hand 

3 

61 

3 

302 

12 

3653 

1-1  Vt-% 

Universal 

Hand 

3 

62 

3 

338 

6 

2S74 

1-2-4 

Universal 

Hand 

19* 

61 

18 

206 

69 

2150 

1-2H-5 

Universal 

Hand 

1 

61 

1 

223 

3 

1555 

1-3-6 

Universal 

Hand 

3 

62 

3 

241 

9 

1372 

1-4-8 

Universal 

Hand 

3 

60 

2 

150 

12 

1102 

1-5-10 

Universal 

Hand 

1 

60 

1 

62 

6 

533 

1-2-0 

Universal 

Hand 

1 

72 

357 

1-2-1 

Universal 

Hand 

1 

60 

336 

3 

1-2-2 

Universal 

Hand 

1 

60 

332 

6 

1-2-3 

Universal 

Hand 

1 

61 

302 

3 

1733 

1-2-5 

Universal 

Hand 

1 

61 

122 

3 

1-2-6 

Universal 

Hand 

1 

65 

113 

3 

1108 

1-2-8 

Universal 

Hand 

1 

73 

117 

3 

1340 

1-2-4 

Chicago  A  A 

Hand 

6t 

100 

18 

1700 

1911 


Universal 
Lehigh 


Hand 
Hand 


240 
240 


3100 


1912 


1-2-4 
1-2-4 
1-2-4 


Universal 
Universal 
Universal 


Hand  12 

Machine  31 

Machine  4 


63 
63 
240 


- 


*  Includes  one  batch  (No.  4)  made  of  Chicago  AA  cement. 
|  From  the  concrete  used  in  the  1909  beams. 
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The  compressive  strength  of  6-in.  cubes  from  the  1912  1-2-4  con- 
crete tested  at  average  age  of  63  days  was  as  follows:  36  cubes  of  hand- 
mixed  concrete,  2200  lb.  per  sq.  in.;  93  cubes  of  machine-mixed  con- 
crete, 2800  lb.  per  sq.  in.  The  machine-mixed  cubes  gave  about  30% 
higher  strength  than  the  hand-mixed.  However,  it  will  be  seen  later 
that  all  of  the  tests  do  not  bear  out  this  conclusion ;  in  some  of  the  beam 
tests  the  hand-mixed  concrete  gave  the  higher  values  for  bond  and 
vertical  shearing  stress1. 

In  making  some  of  the  larger  batches  of  concrete  for  the  1909  pull- 
out  tests  a  period  of  from  three  to  four  hours  elapsed  between  the 
making  of  the  first  and  last  specimens.  From  five  batches  of  this  kind  a 
set  of  three  6-in.  cubes  was  made  as  soon  as  the  mixing  was  completed 
and  a  second  set  after  about  50  pull-out  specimens  had  been  finished. 
The  portion  of  the  batch  remaining  on  the  mixing  floor  was  turned  two 
or  three  times  during  the  interval  between  making  the  two  sets  of  cubes. 
The  average  compressive  strength  of  five  sets  of  cubes  made  as  soon  as 
the  mixing  was  complete,  was  1756  lb.  per  sq.  in.  The  average  for  cubes 
made  3%  hours  after  mixing,  was  1733  lb.  per  sq.  in.,  a  difference  of 
about  1%.  It  will  be  remembered  that  the  Vicat  needle  test  showed  this 
cement  to  reach  final  set  at  3%  hr. 

A.     Pull-out  Tests. 

16.  Classification  of  Pull-out  Tests. — A  total  of  1500  pull-out  tests 
are  reported  in  this  bulletin.  The  1909  series  included  about  1000  pull- 
out  specimens.  Forty-two  pull-out  specimens  were  made  as  companion 
pieces  to  the  1911  series  of  reinforced  concrete  beams,  and  180  with  the 
1912  series  of  beams.  The  remainder  of  the  pull-out  tests  are  grouped 
under  "Miscellaneous  Tests,"  Art.  54  to  64. 

The  pull-out  tests  will  be  discussed  under  eight  different  headings 
as  shown  in  Table  6,  which  indicates  the  number  of  tests  included  under 
each  sub-division  and  the  tables  and  figures  in  which  details  of  the  tests 
may  be  found.  An  inspection  of  the  table  will  show  that  these  divisions 
are  not  exclusive,  as  such  elements  as  effect  of  age,  proportions  of  con- 
crete, condition  of  storage,  etc.,  are  found  to  be  important  variables'  in 
more  than  one  of  the  groups.  A  few  tests  are  included  under  two  sub- 
divisions, but  this  is  indicated  in  the  tables  of  test  data.  However,  each 
sub-division  may  be  considered  as  a  more  or  less  complete  series  of  tests, 
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and  they  were  so  considered  in  designing  and  making  the  specimens. 
In  making  comparisons  between  different  groups,  the  conditions  of 
storage  and  the  quality  of  the  concrete  as  shown  by  the  cube  tests, 
should  be  taken  into  consideration. 

TABLE  6. 

Classification  of  Pull-out  Tests. 


Item 


Number 

of 

Tests 


Teat  Data  in 


Tables 
No. 


Figures 
No. 


Effect  of  Variations  in  the  Dimensions  of  Pull-out  Specimens 
Effect  of  Shape  of  Section  and  Condition  of  Surface  of  Bar . . . 

Effect  of  Condition  of  Storage 

Bond  Tests  with  Deformed  Bars 

Effect  of  Age  and  Mix 

Effect  of  Anchoring  End  of  Bar 

Miscellaneous  Tests 

Companion  Tests  to  Reinforced  Concrete  Beams 


163 
90 
189 
116 
265 
97 
357 
222 


7,  8,  9,  10 

11 

1 

13,  14,  15 

16, 17, 18 

19 

20,21,22,24 

28,  29,  30,  32,  i 

and  34 


5  to  16 

17,18 

19,20 

21  to  26 

27  to  35 

36,37 

38  to  45 

49,55 


17.  Stresses  and  Deformations  in  a  Pull-out  Specimen. — As  load 
is  applied  to  the  bar  in  a  pull-out  specimen  of  the  form  used  in  these 
tests,  the  tensile  stress  in  the  bar  is  gradually  taken  off  along  the  em- 
bedded length  by  bond  between  the  bar  and  the  surrounding  concrete. 
Thus  the  total  tension  in  the  bar,  the  total  compression  over  the  lower 
face  of  the  concrete  block  and  the  total  bond  stress  between  the  concrete 
and  steel  are  equal.  The  principal  stresses  existing  in  a  pull-out  speci- 
men of  the  form  generally  used  are  indicated  in  Fig.  4.  If  we  con- 
sider the  bond  stress  to  be  uniformly  distributed  along  the  length  of 
the  bar,  the  bond  unit  stress  is: 

P 


u  = 


m  It 


where  P  is  the  total  load  on  the  bar,  m  is  the  perimeter  of  the  bar,  and 
//  is  the  length  of  embedment.  It  is  evident  that  owing  to  the  elonga- 
tion in  the  steel  due  to  tensile  stress  and  the  shortening  in  the  concrete 
block  due  to  compressive  stress,  acting  in  opposite  directions,  the  greatest 
bond  stress  during  the  early  stages  of  the  test  and  consequently  the 
first  slip  between  concrete  and  steel  must  occur  at  the  point  where  the 
bar  enters  the  block,  and  that  slip  will  always  be  a  little  greater  here 
than  at  points  of  greater  embedment.  Experimental  verification  of  this 
statement  will  be  found  in  the  tests.     A  numerical  example  will  assist 
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in  fixing  ideas.  Consider  a  1-in.  round  bar  embedded  8  in.  in  an  8-in. 
cylinder.  Tests  show  that  a  specimen  of  these  dimensions,  of  1-2-4  con- 
crete about  60  days  old,  will  withstand  a  bond  stress  of  about  260  lb. 
per  sq.  in.  before  slip  begins.  At  this  stress  the  total  compression  in 
the  concrete  and  tension  in  the  bar  are  each  6500  lb.  The  stresses  in 
the  concrete  and  in  the  steel  are  132  and  8300  lb.  per  sq.  in.,  respect- 
ively. If  we  assume  that  the  deformations  in  the  concrete  and  the  steel 
are  proportional  to  the  stress  and  that  the  bond  stress  is  uniformly  dis- 
tributed along  the  length  of  the  bar  we  shall  have  0.0002  in.  and  0.0011 
in.  for  the  total  deformation  in  the  concrete  and  steel,  using  2  500  000 
and  30  000  000  lb.  per  sq.  in.,  respectively,  as  the  moduli  of  elasticity 


n 


Eorly  Stages 
of  T 


After  Slipping 
ifaer 


Test  becomes  General 

Distribution  of  Bond  Stress 


Fig.  4.    Diagram  Showing  Principal  Stresses  in  a  Pull-out  Specimen. 

of  the  materials.  This  gives  a  total  slip  at  the  lower  end  of  the  block 
of  0.0013  in.  when  slip  at  the  free  end  first  becomes  perceptible.  These 
considerations  show  that  for  a  1-in.  bar  the  relative  movement  at  the 
bottom  due  to  steel  deformation  is  over  five  times  as  great  as  that  due 
to  concrete  deformation,  and  indicate  that  as  far  as  the  bond  resistance 
is  concerned  the  compressive  stress  developed  in  the  concrete  block  is 
of  minor  importance  as  compared  with  the  steel  stress.  For  smaller 
bars  the  influence  of  the  concrete  stress  is  negligible. 

As  an  extreme  case  consider  a  l^-in.  plain  bar  embedded  24  in. 
as  in  the  tests  in  Table  9.  Slipping  at  the  free  end  of  the  bar  began  at 
an  average  bond  stress  of  278  lb.  per  sq.  in.  The  average  compressive 
stress  over  the  lower  face  of  the  concrete  block  at  this  stage  of  the  test 
was  540  lb.  per  sq.  in.  and  the  tensile  stress  in  the  bar,  21  300  lb.  per 
sq.  in.     If  the  bond  stress  be  considered  uniformly  distributed  along 
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the  length  of  the  bar,  this  gives  a  slip  of  0.0112  in.  at  the  bottom  when 
slip  at  the  top  of  the  block  begins.  It  will  be  found  that  for  specimens 
of  the  form  generally  used  in  these  tests,  the  bond  resistance  of  plain 
bars  increased  as  slip  progressed  and  reached  a  maximum  when  the 
bar  had  slipped  about  0.01  in.  The  tests  on  l^-in.  plain  bars  in  Table 
9  and  Fig.  11  bear  out  the  conclusion  that  was  reached  from  these  com- 
putations, that  with  24-in.  embedment,  the  maximum  bond  resistance 
of  the  bar  as  a  whole  does  not  differ  much  from  that  corresponding  to 
first  slip  at  the  free  end. 

In  addition  to  the  longitudinal  stresses  set  up  in  the  concrete  and 
steel,  stresses  are  developed  normal  to  the  surface  of  the  bar.  During 
the  later  stages  of  the  test  these  stresses  become  considerable  and  mav 
be  sufficient  to  split  the  concrete  surrounding  the  bar.  This  is  espe- 
cially evident  with  deformed  bars,  though  the  splitting  action  was  found 
with  plain  bars. 

18.  Phenomena  of  Pull-out  Tests. — Fig.  6  summarizes  load-slip 
curves  for  plain  round  bars  for  a  variety  of  conditions  of  age,  mix, 
size  of  bar,  length  of  embedment  and  storage.  Each  curve  is  a  composite 
of  from  5  to  10  tests.  For  ease  of  making  comparisons  all  bond  stresses 
have  been  plotted  as  a  percentage  of  the  maximum  bond  resistance. 
Only  the  portions  of  the  curves  preceding  the  maximum  are  plotted  here; 
all  of  these  tests  are  discussed  in  detail  in  the  following  pages.  These 
curves  are  quite  similar,  considering  the  wide  variations  of  conditions 
present.  Attention  should  be  called  to  the  fact  that  in  this  figure  the 
values  of  slip  of  bar  were  measured  at  the  free  end.  Generally,  slip  at 
the  free  end  began  at  a  ljoadJbetween  607c  and  80ffi  of  the  maximum. 
In  nearly  all  cases  the  maximum  load  occurred  at  an  end  slip  of  about 
•  MM  in.  It  seems  that  a  movement  of  0.01  in.  between  the  concrete 
and  steel  was  sufficient  to  destroy  the  irregularities  which  were  mosl 
effective  in   increasing  bond  resistance  after  the  adhesion  was  broken. 

The  curves  in  Fig.  5  represent  the  successive  condition  ai  each 
point  along  the  length  of  the  bar.  The  basis  of  these  curves  is  given  in 
Arts.  19,  22  and  23.  The  solid  curve  may  be  considered  as  typical  of 
the  load-slip  relation  found  in  pull-out  tests  with  plain  bars.  This  curve 
represents  what  may  be  considered  as  the  bond-stress-slip  history  of 
each  unit  of  the  embedded  length  of  a  plain  bar.  It  exhibits  the  fol- 
lowing characteristics: 

(1)  There  is  no  measurable  slip  of  bar  until  a  bond  Btresa  of 
aboul  260  lb.  per  sq.  in.  has  been  developed. 
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(2)      Slipping  begins  at  about  60%  of  the  maximum  bond  resist- 


ance. 


(3)  When  the  bar  has  slipped  0.001  in.  at  any  point  the  bond 
stress  there  is  about  75%  of  the  maximum  bond  resistance. 

(4)  When  the  slip  at  any  point  reaches  0.005  in.  the  bond  stress 
there  is  95%  of  the  maximum. 
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(5)  The  maximum  bond  resistance  occurs  at  a  slip  of  about -0.01 
in.,  and  the  bond  resistance  decreases  with  further  movement  of  the  bar. 

(6)  When  the  bar  has  slipped  twice  the  amount  which  was  meas- 
ured at  the  maximum  bond  resistance  the  bond  stress  has  decreased 
only  10%. 

(7)  When  the  bar  has  moved  0.05  in.,  five  times  the  slip  at  the 
maximum  bond  resistance,  the  bond  stress  is  still  about  70%  of  the 
maximum. 

The  curve  shows  that  the  term  "running  friction"  loses  its  signifi- 
cance in  view  of  the  data  of  these  tests,  since,  properly  speaking,  we 
are  dealing  with  "running  friction"  throughout  the  test  after  move- 
ment begins. 
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It  should  be  borne  in  mind  that  these  deductions  apply  only  to  test 
specimens  of  the  form  used,  under  a  progressively  applied  load  that  does 
not  exceed  the  yield  point  strength  of  the  bar.  It  will  be  seen  later  thai 
the  continuation  of  a  constant  load  after  slipping  has  begun,  and  other 
variations  materially  modify  the  load-slip  relation.  The  broken  line 
in  Fig.  5,  from  a  series  of  tests  on  corrugated  round  bars,  indicates  the 
corresponding  load-slip  relations  for  this  type  of  bar. 
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Fig.  6.     Load-slip  Curves  from  Pull-out  Tests  with  Plain  Round  Bars. 
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Effect  of  Variations  in  the  Dimensions  of  Pull-out  Specimens. 

19,  Effect  of  Size  of  Plain  Bars;  Embedment  Variable. — In  this 
group  of  tests  the  diameter  of  the  concrete  cylinders  for  all  the  speci- 
mens was  8  in.,  but  the  size  of  bar  and  length  of  embedment  varied  as 
shown  in  Table  7,  between  the  limits  V^-m.  plain  round  bar  embedded 
3  in.  and  li^-in.  round  bar  embedded  16  in.  It  will  be  seen  that  these 
dimensions  are  such  as  to  give  a  nearly  constant  ratio  (about  50)  be- 

TABLE  7. 

Effect  of  Size  of  Bar;   Embedment  Variable.  - 

Diameter  of  concrete  cylinders  8  in.  in  all  cases. 

1-2-4  hand-mixed  concrete  from  Batches  11,  22,  25,  31,  and  36.    (See  Table  4.) 
The  average  compressive  strength  of  18  6-in.  cubes  from  this  concrete,  tested  at  age 
of  about  60  days,  was  1975  lb.  per  sq.  in. 

Stresses  are  given  in  pounds  per  square  inch. 


Size  of 

Length  of  Embed- 
ment 

Number 

of 

Tests 

Age  at 
Test 
days 

Bond  Stress  at 
End  of  Slip  of 

Maximum 
B     end 

Bar 

inches           diameters 

.0005  in.             .001  in. 

Resistance 

Plain  Round  Bars. 


Jiin. 

3 

12.0 

4 

71 

376 

389 

476 

Hiii. 

iX 

12.6 

4 

73 

335 

371 

423 

Hin. 

6 

12.0 

5 

71 

263 

316 

408 

^in.° 

8 

12.8 

5° 

72 

266 

295 

405 

Xin. 

VA 

12.6 

5 

70 

287 

311 

386 

1     in. 

ux 

12.8 

6 

70 

305 

327 

392 

IX  in.* 

16 

12.8 

9* 

75 

275 

298 

359 

Average 

72 

301 

330 

407 

Corrugated  Bars. 


X  in-  sq. 

VA 

17.5 

5 

71 

282 

335 

739t 

H  in.  sq. 

VA 

15.0 

4 

71 

324 

356 

Y<x  in.  eq. 

8 

lfl.O 

5 

71 

341 

371 

702f 

Y>  ;n.  sq. 

12 

16.0 

5 

71 

339 

367 

730t 

iVs  in.  rd.* 

24 

19.2 

9* 

77 

268 

301 

688t 

72 

311 

346 

715t 

°  The  same  tests  are  included  in  Table  8. 
*  Includes  4  tests  made  with  group  in  Table  9. 

t  Blocks  were  reinforced  against  bursting  by  means  of  J^-in.  spirals.     The  maximum  bond  stress  given  in  the 
tables  for  corrugated  bars  is  the  average  stress  developed  at  an  end  slip  of  0.1  in. 
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tween  the  embedded  area  and  the  cross  sectional  area  of  the  bar  and 
corresponds  to  an  embedment  of  about  12  diameters  for  each  of  the 
bars.  It  was  felt  that  this  was  the  proper  basis  for  a  series  of  tests  to 
show  the  relation  between  the  bond  resistance  and  the  size  of  bar.  The 
load-slip  curves  are  plotted  in  the  upper  portion  of  Fig.  7.  In  Fig.  8 
the  loads  have  been  plotted  for  slips  at  the  free  end  of  the  bar  of  0.0005. 
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0.001,  0.002,  0.005  in.  and  for  the  maximum  bond  resistance,  correspond- 
ing to  a  slip  of  about  0.01  in.;  the  corresponding  points  are  connected 
by  straight  lines.  A  slip  of  0.0005  in.  may  be  considered  as  the  begin- 
ning of  slip. 

In  general  the  smaller  bars  gave  a  bond  resistance  slightly  higher 
than  the  bars'  of  larger  size,  but  the  relation  is  not  well  defined  at  all 
stages  of  the  tests.  The  maximum  bond  resistance  decreased  as  the 
diameter  of  the  bar  increased.  The  %-in.  bars  gave  values  at  the  maxi- 
mum load  about  15%  higher  than  the  l^-in.  bars.  The  Y^-in.  bars 
embedded  3  in.  were  somewhat  erratic  in  their  behavior.     Some  of  the 
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Fig.  8.     Bond  Resistance  of  Plain  Round  Bars;  Embedment  Variable. 

concrete  blocks  split  at  the  maximum  load.  The  cause  for  this  is  some- 
what problematical,  but  it  probably  was  due  to  slight  irregularities  in 
the  contact  between  the  concrete  block  and  the  bearing  plate  and  to 
lack  of  stiffness  in  the  blocks  which  prevented  them  from  distributing 
the  compressive  stress  over  their  entire  base. 

With  a  constant  ratio  between  the  average  bond  stress  throughout 
the  length  of  the  bar  and  the  tensile  stress  in  the  steel,  that  is,  with  the 
bars  embedded  a  constant  multiple  of  the  diameter,  there  are  several 
variables  which  may  affect  the  bond  stresses  developed.  Among  these 
may  be  mentioned: 
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(1)  Variation  in  the  compressive  stress  in  the  concrete  block; 

(2)  Contraction  in  the  section  of  the  bar  due  to  the  tensile  stress; 

(3)  Variations  in  the  section  and  alignment  of  bars  of  different 
sizes. 

(1)  The  compressive  stress  in  the  concrete  blocks  in  these  tests 
varies  directly  with  the  section  of  the  bar,  if  the  bond  unit  stress  is  the 
same.  The  maximum  compressive  stress  at  the  bottom  of  the  concrete 
blocks  in  the  tests  on  the  %-in.  bars  embedded  6  in.  and  on  the  1%-in. 
bars  embedded  16  in.  are  76  and  622  lb.  per  sq.  in.,  respectively,  using 
400  lb.  per  sq.  in.  bond  stress  in  both  cases.  It  is  evident  from  these 
tests  and  the  tests  discussed  in  Art.  21  and  22  that  a  wide  variation  in 
the  amount  of  compressive  stress  in  the  concrete  block  has  very  little 
influence  on  the  bond  stresses  developed  in  the  tests. 

(2)  The  total  contraction  of  the  section  of  the  bar  clue  to  tensile 
stress  will  be  proportional  to  the  diameter  of  the  bar  for  the  same  unit 
stress  in  the  steel.  For  the  l^-in.  bars  used  in  this  group  of  tests  the 
diameter  of  the  bar  is  shortened  as  much  as  0.0004  in.  when  it  is  carry- 
ing the  highest  stress.  A  portion  of  this  shortening  was  counteracted 
by  the  corresponding  expansion  in  the  concrete,  but  since  the  distribu- 
tion of  the  concrete  stresses  is  not  known  and  the  amount  of  this  expan- 
sion uncertain,  the  relation  of  these  deformations  cannot  be  determined. 
It  seems  that  the  contraction  in  the  section  of  the  bar  may  have  a  slight 
influence  in  reducing  the  bond  resistance  of  the  larger  bars  for  loads 
near  the  maximum.  This  influence  would  not  be  important  in  the 
group  of  tests  discussed  in  Art.  22,  since  the  steel  stresses  were  not  high. 

(3)  The  bars  used  presented  surfaces  which  apparently  were  sim- 
ilar in  all  respects.  It  has  frequently  been  observed,  however,  that 
small  rolled  bars  are  more  irregular  in  section  and  alignment  than 
larger  bars.  This  fact  may  partially  account  for  the  higher  stress*  - 
developed  by  the  smaller  bars  in  the  later  stages  of  the  tests.  The  lower 
bond  stress  developed  by  the  smaller  bars  after  an  end  slip  of  0.01 
in.  lias  occurred  lends  color  to  this  opinion. 

These  tests  indicate  that  small  bar-  give  a  somewhat  higher  bond 
resistance  than  larger  bars.  Earlier  discussions  of  {his  subject  have  been 
based  on  the  maximum  bond  stresses  developed  by  bars  of  different 
sizes  embedded  equally  without  regard  to  the  load-slip  relations  present. 
A  group  <»!'  testa  of  this  kind  is  discussed  in  the  following  article. 

In  Fig.  8  dotted  lines  have  been  drawn  which  indicate  the  gen- 
eral trend  of  the  values  of  bond  resistance  in  these  tests  for  the  various 
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amounts  of  slip.  In  constructing  these  lines  least  weight  has  been  given 
to  the  values  for  ^4  and  %-in.  bars,  since  the  load-slip  curves  in  Fig.  7 
show  these  tests  to  be  abnormal.  The  points  at  which  these  lines  inter- 
sect the  vertical  axis  may  be  said  to  represent  the  bond  stresses  for  a 
bar  of  infinitesimal  diameter  embedded  an  infinitesimal  length;  the  em- 
bedded length  is  still  equal  to  about  12  diameters.  These  values  and 
values  obtained  in  a  similar  way  from  Fig.  12  have  been  used  to  plot 
the  load-slip  curve  shown  by  the  solid  line  in  Fig.  5.  It  will  be  seen 
that  the  values  given  in  the  figure  for  the  two  series  of  tests  are  nearly 
identical.  This  curve  may  be  said  to  show  the  successive  variations  in 
bond  resistance  at  each  point  along  the  length  of  the  bar  during  the 
progress  of  the  test  after  eliminating  the  size  of  bar  and  length  of  em- 
bedment. This  consideration  shows  slipping  to  have  begun  at  a  some- 
what lower  load  than  was  indicated  by  the  measurements  of  slip  at  the 
free  end  of  the  bar  and  that  the  maximum  bond  resistance  from  point 
to  point  was  a  little  higher  than  that  found  for  the  bar  as  a  whole.  This 
is  as  might  have  been  expected,  since,  up  to  the  load  at  which  slip  reached 
a  considerable  amount  and  became  general,  each  point  along  the  length 
of  the  embedded  bar  was  in  a  different  stage  of  its  load-slip  history. 
After  the  maximum  load  the  curve  for  infinitesimal  embedment  follows 
the  general  course  of  the  other  curves,  which  indicates  that  after  the 
adhesion  was  entirely  broken  and  slip  became  general,  the  f actional 
resistance  was  about  the  same  for  all  sizes  of  bars  of  the  kind  used  in 
these  tests.  It  will  be  seen  in  the  discussion  of  Fig.  12  in  Art.  22  that 
a  curve  of  almost  exactly  the  same  form  is  found  from  a  consideration  of 
a  group  of  tests  on  1%-in.  plain  rounds  in  which  the  length  of  em- 
bedment varied. 

20.  Effect  of  Size  of  Corrugated  Bars;  Embedment  Variable. — 
The  group  of  tests  on  corrugated  bars  given  in  Table  7  may  be  con- 
sidered as  forming  a  series  parallel  to  the  group  of  tests  on  plain  rounds 
discussed  in  Art.  19;  they  wrere  made  from  the  same  concrete.  The 
specimens  varied  from  a  *4-in.  corrugated  square  bar  embedded  3!/2  in. 
to  a  l^-in.  corrugated  round  bar  embedded  24  in.  As  in  the  group  of 
tests  on  plain  rounds  these  dimensions  were  such  as  to  give  approxi- 
mately a  constant  ratio  (about  48)  of  bond  area  to  the  cross-sectional 
area  of  the  bars,  corresponding  to  an  embedment  of  about  16  short 
diameters  of  the  bars  (21.4  diameters  in  the  case  of  l^s-in.  corrugated 
round  bars).  The  bond  resistances  for  various  amounts  of  end  slip  are 
plotted  in  Fig.  9.     The  values  for  %-in.  bar  embedded  4%  in.  have 
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Fig  9.    Bond  Resistance  of  Corrugated  Bars;  Embedment  Variable. 


TABLE  8. 
Effect  of  Size  of  Plain  Round  Bars;  Embedment  8  in. 

Made  from  the  same  concrete  as  the  tests  in  Table  7. 
Stresses  are  given  in  pounds  per  square  inch. 


Size  of 
Bar 

Length  of 

Embedment 

Number 

of 

Tests 

Age  at 
Test 
days 

Bond  Stress 
at  find  Slip  of 

Maximum 
Bond 

inches 

diameters 

.0005  in. 

.001  in. 

Resistance 

Kin. 

8 

16.0 

4 

72 

323 

339 

381 

%\n. 

8 

12.8 

5* 

72 

266 

295 

405 

Kin. 

8 

10.7 

5t 

81 

275 

303 

387 

1      in. 

8 

8.0 

5 

G4 

247 

2S1 

3S5 

lJiin. 

8 

6.4 

12| 

74 

269 

Mi 

397 

*  The  same  tests  as  given  in  Table  7. 

t  Note  the  similarity  between  then  values  and  those  for  9'^-in.  embedment  in  Tabk 
in  Table  10. 

%  The  same  tests  as  given  in  Table  9. 


•utiipare    also    test> 
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been  omitted  from  the  table  and  diagram  after  a  slip  of  0.001  in., 
since  the  data  for  some  of  the  tests  are  not  complete;  the  position  of 
the  two  points  in  the  figure  indicate  that  the  remaining  points  prob- 
ably would  have  occupied  their  proper  places  in  the  diagram. 

In  general,  slipping  began  at  a  bond  unit-stress  only  a  little  greater 
than  for  the  plain  rounds.  For  end  slips  of  0.0005  and  0.001  in.  the 
average  bond  stresses  are  301  and  330  lb.  per  sq.  in.  for  plain  rounds 
and  311  and  336  lb.  per  sq.  in.  for  the  corrugated  bars;  at  this  stage  of 
the  tests  the  stresses  developed  by  the  plain  rounds  were  about  97% 
of  those  given  by  the  corrugated  bars.  The  highest  bond  stresses  reported 
(end  slip  of  0.1  in.)  are  not  materially  different  for  the  bars  of  the  sizes 
used  in  these  tests,  and  average  about  715  lb.  per  sq.  in.  The  some- 
what lower  values  given  by  the  1%-in.  corrugated  round  bars  are  prob- 
ably due  to  the  design  of  this  bar  as  compared  with  the  square  bars; 
the  projections  on  this  bar  present  a  smaller  area  to  take  the  bearing 
stress  which  replaces  the  bond  resistance  after  the  failure  of  the  ad- 
hesion than  the  square  bars  of  type  B  which  were  used  in  the  other 
tests  in  this  group. 

21.  Effect  of  Size  of  Plain  Round  Bar;  Embedment  8  in. — In  this 
group  of  tests  the  diameter  of  the  concrete  cylinders  was  8  in.  and  the 
length  of  embedment  8  in.,  while  the  diameters  of  the  plain  round 
bars  used  varied  from  XL  to  114  in.  The  results  are  summarized  in 
Table  8.  The  load-slip  curves  are  plotted  in  the  lower  portion  of  Fig.  7. 
The  loads  for  various  amounts  of  slip  of  the  free  ends  of  the  different 
bars  have  been  plotted  in  Fig.  10.  The  broken  lines  drawn  in  Fig.  10 
show  the  trend  of  the  values  for  the  different  amounts  of  slip  and  for 
the  maximum  loads.  The  values  for  end  slip  of  0.0005  in.  may  be 
taken  as  the  beginning  of  slip.  It  is  seen  that  in  the  earlier  stages  of 
the  tests,  the  smaller  bars  develop  the  higher  bond  stresses;  the  load  at 
beginning  of  slip  of  the  free  end  of  the  bars  varies  from  323  lb.  per  sq. 
in.  for  the  i^-in.  rounds  to  about  253  lb.  per  sq.  in.  for  the  1  and 
114-in.  bars.  The  maximum  bond  resistance  is  nearly  constant  and 
averages  391  lb.  per  sq.  in. 

22.  Effect  of  Length  of  Embedment;  ly^-in.  Plain  Rounds. — In 
this  group  of  tests  the  length  of  embedment  varied  from  4  to  24  in., 
corresponding  to  3.2  to  19.2  diameters.  One  and  one-fourth-inch  bars  were 
used  in  order  to  secure  a  wide  range  of  embedded  lengths  without 
overstressing  any  of  the  bars.     A   summary  of  the  tests  is  given  in 
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Table  9.  The  load-slip  curves  have  been  plotted  in  Fig.  11.  The 
bond  stresses  corresponding  to  various  amounts  of  end  slip  up  to  and 
including  the  maximum  load  are  shown  for  the  different  lengths  of 
embedment  in  the  upper  portion  of  Fig.  12.  In  the  lower  part  of  the 
figure  the  maximum  resistance  and  the  stresses  after  the  maximum 
for  slips  of  0.02  inv  0.05  in.  and  0.10  in.  are  plotted. 

The  load-slip  curve  for  4-in.  embedment  drops  off  sharply  after 
the  maximum  load,  as  a  result  of  the  splitting  of  some  of  the  concrete 
blocks.     Fig.   12  shows  that  the  average  bond  stress  corresponding  to 
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Fig  10.     Bond  Resistance  of  Plain  Round  Bars  of  Different  Size; 
Embedment  S  in. 

beginning  of  slip  at  the  free  end  of  the  bar  varies  but  little  with 
increased  embedment.  At  a  slip  of  about  0.001  in.  the  average  bond 
stress  is  nearly  the  same  for  all  lengths  of  embedment  included  in  these 
tests  and  amounts  to  about  300  lb.  per  sq.  in.  It  is  evident  that 
when  a  slip  of  0.001  in.  has  occurred  at  the  free  end  of  the  bar,  slip- 
ping has  become  general  throughout  the  length  of  the  bar,  but  it  will 
be  seen  from  a  consideration  of  the  conditions  present  and  from  the 
load-slip  curves  that  the  amount  of  slip  represents  quite  different 
stages  of  the  test  in  the  specimens  of  different  Lengths  of  embedment. 
For  the  4  or  6-in.  embedment  the  difference  between  the  amount  of 
slip  at  the  two  ends  of  the  block  for  any  gives  load  is  not  great,  and 
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TABLE  9. 


Effect  of  Length  of  Embedment. 


1-2-4  concrete  from  Batches  10,  17,  24,  27  and  30. 

Diameter  of  concrete  cylinder  8  in.  in  all  tests. 

These  specimens  were  made  from  the  same  concrete  as  the  specimens  with  deformed 
bars  in  Table  14. 

The  average  compressive  strength  of  24  6-in.  cubes  from  same  concrete  tested  at 
about  60  days  was  1760  lb.  per  sq.  in. 

Stresses  are  given  in  pounds  per  square  inch. 


Length  of  Embedment 


inches 


diameters 


Number 

of 

Tests 


Age  at 
Test 
days 


Bond  Stress  at 
End  Slip  of 


.0005  in. 


.001  in. 


Maximum 

Bond 
Resistance 


13^-in.  Plain  Rounds. 


4 

3.2 

5 

74 

265 

314 

375 

6 

4.8 

5 

74 

243 

391 

420 

8 

6.4 

12* 

74 

269 

296 

397 

12 

9.6 

5 

75 

284 

312 

390 

16 

12.8 

9+ 

75 

275 

298 

359 

24 

19.2 

5 

76 

278 

300 

328 

13^-in.  Corrugated  Rounds0. 


4 

3.6 

5 

74 

228 

272 

830f 

8 

7.1 

5 

86 

250 

286 

775 1 

16 

14.2 

5 

76 

281 

306 

846f 

24 

21.4 

9+ 

77 

268 

301 

688f 

•  Includes  five  tests  made  with  the  group  in  Table  8  and  two  tests  from  Batch  37. 

•  Includes  five  tests  made  with  the  group  in  Table  7. 

•  Blocks  were  reinforced  against  bursting  by  means  of  a  }4,-m.  spiral. 
t  Bond  stress  corresponding  to  end  slip  of  0.1  in. 
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we  may  expect  that  the  load-slip  relations  given  by  these  specimens 
(barring  the  premature  splitting  of  the  4-in.  blocks)  are  not  much 
different  from  those  for  a  unit  of  area  at  any  point  along  the  em- 
bedded length  of  the  bar,  while  for  the  24-in.  embedment  the  load- 
slip  relation  at  the  free  end  of  the  block  must  be  quite  different  from 
that  at  the  other  end. 

If  the  straight  lines  which  represent  the  general  trend  of  the 
values  of  bond  resistance  for  the  amounts  of  slip  shown  in  Fig.  12, 
be   extended  to  the  left   to   intersect  the   vertical   axis  of  coordinates, 
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Fig.  11.     Load-slip  Curves  for  1*4-in.  Plain  Round  Bars;  Embedment 

Variable. 

the  points  of  intersection  may  be  said  to  represent  the  bond  resistance 
per  unit  of  area  for  a  very  short  length  of  the  embedded  portion  of 
the  bar.  These  points  have  been  plotted  as  shown  by  the  dotted  curve 
in  Fig.  11.  The  load-slip  curve  which  they  form  differs  from  the 
others  in  the  same  group  in  that  slip  begins  at  a  somewhat  lower 
proportional  load  and  the  bond  resistance  reaches  a  higher  maximum 
value  than  indicated  by  the  other  curves,  and  the  curve  drops  off  a 
little  more  rapidly  after  the  maximum.  This  curve  may  be  said  to 
represent  the  conditions  for  an  infinitesimal  embedment  of  a  bar  of 
this  kind,  and  indicates  what  happens  al  each  point  along  the  em- 
bedded  length  of  a  bar  during  the  progress  of  the  pull-out  tests  in 
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Fig.  12.     Bond  Resistance  of  1^-in.  Plain  Round  Bars;  Embedment 

Variable. 
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the  same  way  as  indicated  in  Art.  19  for  another  group  of  tests.  The 
values  derived  in  this  way  are  as  dependable  as  those  given  for  other 
lengths  of  embedment,  since  they  are  based  on  the  mean  stresses 
from  the  entire  group  of  tests.  Data  from  these  tests  were  used  in 
plotting  the  solid  curve  in  Fig.  5.  The  points  in  Fig.  5  for  the  plain 
round  bars  were  derived  from  these  tests  and  from  the  tests  dis- 
cussed in  Art.  19.  Only  one  curve  has  been  drawn  for  the  plain  bars, 
although  the  values  from  the  two  series  of  tests  are  indicated  by 
distinctive  symbols.  The  similarity  of  the  values  obtained  in  this  way 
is  noteworthy,  when  we  consider  that  these  specimens  were  made  from 
bars  of  different  size  and  from  different  batches  of  concrete.  The  uni- 
formity of  these  values  gives  considerable  confidence  in  the  tests  and 
in  the  conclusions  based  on  them.  These  values  are  significant  in 
arriving  at  a  proper  conception  of  bond  action  for  bars  of  this  kind. 
The  maximum  bond  stress  decreased  as  the  length  of  embedment 
increased  and  varied  quite  uniformly  from  410  lb.  per  sq.  in.  for  6 
in.  embedment  to  320  lb.  per  sq.  in.  for  24  in.  embedment.  The 
lines  in  the  lower  division  of  Fig.  12  converge  at  a  point  about  290  lb. 
per  sq.  in.  bond  stress  and  30  in.  embedment.  This  indicates  that 
with  a  longer  embedment  than  24  diameters  the  maximum  average 
bond  resistance  would  be  less  than  that  which  gives  first  slip  with 
shorter  embedments.  When  a  slip  of  0.1  in.  is  readied,  approximate 
equality  of  bond  stress  for  all  lengths  of  embedment  is  again  found 
at  about  235  lb.  per  sq.  in. 

23.     Effect  of  Length  of  Embedment;  1%-in.  Corrugated  Bounds; 
Blocks  Reinforced  against   Bursting. — The   tests  with   corrugated   bars 

embedded  in  reinforced  blocks  summarized  in  Table  9.  may  be 
sidered  a-  parallel  to  the  group  of  tests  on  plain  rounds  made  from  the 
same  concrete  and  included  in  the  same  table.  In  this  group  the 
concrete  cylinders  were  all  8  in.  in  diameter,  hut  the  length  of  em- 
bedment varied  from  1  to  2  I  in.  The  concrete  blocks  were  reinforced 
against  bursting  by  means  of  a  3-4-in.  wire  in  the  form  of  a  spiral  afl 
shown  in  Fig.  1  (b).  The  Load-slip  curves  are  given  for  the  four 
lengths  of  embedment  in  Fig.  13.  Each  curve  is  tin1  composite  oi  all 
the  test.-  in  a  Bet.  According  to  the  practice  in  all  tots  on  deformed 
bars  described  in  this  bulletin,  the  highest  bond  Btress  which  has  been 
reported  was  that  developed  at  an  end  Blip  of  o.i  in.,  although 
in  most  of  the  tests  the  load  continued  to  rise  beyond  that  point.  In 
Fig.    14    the   bond    BtresG     orresponding    to    various    amounts   of   end 
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slip  of  the  bar  have  been  plotted  against  the  length  of  embedment. 
The  general  direction  of  each  of  the  zig-zag  lines  is  indicated  by  the 
short  dotted  lines  at  the  left  margin  of  the  figure.  The  points  of 
intersection  of  these  lines  with  the  vertical  axis  of  co-ordinates  may 
be  taken  to  represent  the  action  of  a  similar  bar  of  infinitesimal  em- 
bedment, based  on  the  general  trend  of  the  values  from  these  tests.    The 
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13.     Load-slip  Curves  for  1%-in.  Corrugated  Round  Bars 
Embedment  Variable. 


load-slip  curve  corresponding  to  these  points  is  shown  by  the  dotted 
line  in  Fig.  13.  As  may  be  expected,  it  follows  closely  the  curve  for 
the  4-in.  embedded  length. 

If  the'  lines  in  Fig.  14  are  projected  to  the  right  it  will  be  found 
that  they  intersect  at  approximately  the  same  point.  The  interpreta- 
tion of  this  feature  of  the  tests  is  probably  the  same  as  that  suggested 
in  the  preceding  article  for  plain  round  bars.  For  an  embedment  of 
more  than  56  in.   (50  diameters)   the  excessive  deformation  developed 
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in  the  concrete  and  steel  would  so  modify  the  distribution  of  bond 
stresses  that  an  average  stress  greater  than,  say,  320  lb.  per  sq.  in. 
could  not  be  developed  in  a  pull-out  test  with  a  bar  of  this  kind. 

In  these  tests  slip  began  at  a  lower  unit  stress  and  the  maximum 
stress  was  higher  in  the  specimens  of  short  embedment  than  in  those 
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Fig.  14.     Bond  Resistance  of  1^-in.  Corrugated  Round  Bars;  Embedment 

Variable. 

of  longer  embedment.  The  bond  stress  at  a  slip  of  about  0.002  in.  was 
aboul  the  same  (320  lb.  per  sq.  in.)  for  all  lengths  of  embedment  in- 
cluded  in    the   tests. 

There  is  a  striking  similarity  between  the  bond  b1  onnd  for 

the  beginning  of  slip  of  the  1%-in.  corrugated  round  bars  and  those 
for  the  1%-in.  plain  rounds  in  the  preceding  article.  Up  to  a  slip 
of  about  0.002  in.  the  plain   rounds  give  slightly  higher  values  at  each 
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stage  of  the  tests.  It  is  notable  also  that  the  line  of  equal  bond  stresses 
for  all  lengths  of  embedment  for  each  of  these  groups  came  at  a  bond 
stress  of  about  300  lb.  per  sq.  in.  and  at  approximately  the  same  amount 
of  slip. 

The  load-slip  curve  for  the  1%-in.  corrugated  rounds  correspond- 
ing to  an  infinitesimal  embedment  has  been  plotted  in  Fig.  5.  The 
interpretation  of  this  curve  is  much  the  same  as  given  above  for 
the  curve  obtained  in  a  similar  manner  for  plain  bars  and  included 
in  the  same  figure.  A  comparison  of  the  values  for  an  infinitesimal 
embedment  for  this  group  of  tests  on  1%-in.  corrugated  rounds, 
with  the  similar  curve  from  the  two  groups  of  plain  bars  discussed  in 
Art.  19  and  22,  is  of  interest.  The  plain  rounds  gave  higher  bond 
resistance  than  the  corrugated  bars  for  all  amounts  of  end  slip  up 
to  that  corresponding  to  nearly  the  maximum  resistance  of  the  plain 
bars;  after  this  point  the  corrugated  bar  steadily  gained  in  bond  re- 
sistance while  the  bond  resistance  of  the  plain  bar  decreased  in  the 
typical  manner,  after  passing  a  slip  of  0.01  in. 

Pull-out  tests  with  corrugated  bars  embedded  in  concrete  blocks 
without  spiral  reinforcement  are  discussed  in  Art.  64. 

24.  Effect  of  Variation  in  Diameter  of  the  Concrete  Block. — 
Table  10  summarizes  a  group  of  pull-out  tests  using  %-in.  plain 
round  bars  in  which  the  diameters  of  the  concrete  cylinders  varied 
from  3  to  12  in.  The  embedment  was  8  in.  for  all  tests  except  the 
specimens  with  8-in.  cylinders  which  were  embedded  9%  in.  The 
load-slip  curves  for  these  tests  are  plotted  in  Fig.  15.  In  Fig.  16  the 
values  of  bond  unit-stress  for  various  amounts  of  slip  and  for  maxi- 
mum loads  have  been  plotted.  The  values  for  the  3-in.  cylinders  do  not 
show  the  usual  increase  of  bond  resistance  after  beginning  of  end  slip. 
This  is  probably  due  to  the  high  compressive  stress  developed  in  the  con- 
crete; at  the  maximum  load  this  stress  was  about  930  lb.  per.  sq.  in. 
In  the  3-in.  cylinders  slip  began  at  approximately  78%  of  the  maxi- 
mum load.  If  we  disregard  the  3-in.  cylinder  tests,  the  bond  stresses 
showed  a  decided  falling-orT  for  all  amounts  of  slip  as  the  diameter 
of  the  cylinder  increased.  The  maximum  loads  varied  quite  uniformly 
from  420  lb.  per  sq.  in.  for  the  4  and  6-in.  cylinders  to  358  lb.  per  sq. 
in.  for  the  12-in.  cylinders.  The  values  for  the  12-in.  cylinders  were 
about  84%  of  the  average  values  for  the  corresponding  amount  of  slip 
in  the  4  and  6-in.  cylinders.  The  difference  may  be  due  to  variation  in 
relative  shrinkage  in  longitudinal  and  radial  directions. 
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TABLE  10. 
Effect  of  Variation  in  Diameter  of  Concrete  Block. 

All  bars  %-in.  plain  rounds. 

Made  from  same  batches  as  tests  in  Table  7. 

Stresses  are  given  in  pounds  per  square  inch. 


Diameter  of 
Concrete 
Cylinder 

Length  of 

Embedment 

inehet 

Nwnberof 
Teat* 

Age  at 
Test 

days 

Bond  Stress  at  End 
Slip  of 

Maximum 

Bond 
Resistance 

inches 

.0005  in. 

.001  in. 

3 
4 

6 

8 
12 

8 
8 

8* 

8 

6 

5 
5 
5 
5 

71 
71 
71 

70 
72 

253 
283 
297 
287 
245 

288 
319 
333 
311 
272 

326 

413 

426* 

386° 

358 

•  Compare  the  specimens  with  %-in.  bars  in  Table  8. 
"  The  same  tests  are  given  in  Table  7. 
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b.     Effect  of  Shape  of  Section  and  Condition  of  Surface  of  Bar. 

25.  Bond  Resistance  with  Busted  Bars. — Fig.  17  gives  the  load- 
slip  curves  for  the  specimens  in  Table  11  which  have  ordinary  mill 
surfaces  and  rusted  surfaces.  For  the  bars  having  ordinary  mill  sur- 
faces, end  slip  began  at  267  lb.  per  sq.  in.;  the  maximum  bond  re- 
sistance was  380  lb.  per  sq.  in.  and  corresponded  to  an  end  slip  of  0.01 
in.  The  rusted  bars  had  a  heavy  coat  of  firm  rust  caused  by  allowing 
them  to  remain  below  the  surface  in  a  pile  of  damp  sand  for  five  weeks 
previous  to  making  the  specimens.  The  tests  on  rusted  bars  gave  a 
bond  resistance  higher  than  that  developed  with  bars  having  ordinary 
mill  surfaces.  End  slip  began  at  302  lb.  per  sq.  in.;  13%  higher  than 
for  round  bars  with  ordinary  mill  surfaces.  The  maximum  bond 
resistance  of  the  rusted  bars  was  440  lb.  per  sq.  in.;  16%  higher  than 
for  ordinary  rounds.  The  load-slip  curve  shows  the  maximum  bond 
resistance  to  come  at  a  somewhat  greater  slip  than  in  the  round  bars 
of  ordinary  surface ;  this  result  is  a  natural  consequence  of  the  rougher 
surface,  which  is  responsible  also  for  the  higher  bond  resistance  devel- 
oped by  the  rusted  bars. 
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TABLE  11. 
Effect  of  Shape  of  Section  and  Condition  of  Surface  of  Bar. 

Embedment  8  in. 

1-2-4  hand-mixed  concrete  from  Batches  10,  11,  17,  22,  24,  25,  27,  30,  31  and  36. 
The  average  compressive  strength  of  42  6-in.  cubes  made  from  10  different  batches 
of  concrete,  tested  at  about  60  days,  was  1850  lb.  per  sq.  in. 
All  stresses  are  given  in  pounds  per  square  inch. 


Size  and  Kind  of  Bar 


Number 

of 

Tests 


Age  at 
Test 
days 


Bond  Stress  at 
End  Slip  of 


.0005  in. 


.001  in. 


Maximum 

Bond 
Resistance 


Plain  Round  Bars. 

5 
5 

69 
69 

267 
302 

302 
331 

380 

1-in.,  rusted 

440 

Flat  Bars. 


lxH-in- 

2xJi-in. 


359 
239 


395 
263 


459 
293 


T-Bars. 


lxlxH-in.  (area  0.27  sq.  in.) 

IHtlVAx  £rin.  (area  0.48  sq.  in.) . 
2x2x^-in.  (area  1.07  sq.  in.) 


282 
227 
202 


295 
282 
221 


310 
305 
242 


Polished  Round  Bars. 


1-in.,  polished 

^4-in.  tool  steel,  polished 

%A-\u.  tool  steel,  ordinary  surface  . 


149 
137 
170 


146 
192 


152 
160 
255 


Bars  of  Wedging  Taper*.     Polished  1-in.  Rounds. 


Tapered  0.025  in.  per  ft . 
Tapered  0.07  in.  per  tt . 
Tapered  0.10  in.  per  ft . 
Tapered  0.20   in.  per  ft. 


Average. 


68 


171 
102 

173 
163 


167 


250 1 
482f 
547f 
633 1 


Bars  of  Non-Wedging  Taper.     Polished  1-in.  Rounds. 

Tapered  0.025  in.  per  ft 

Tapered  0.07    in.  per  ft 

Tapered  0.10   in.  per  ft 

Tapered  0.20    in.  per  ft 

5 
5 
5 
5 

69 
69 
69 
69 

1(14 
S01 
204 
150 

170 

110 

155 

69 

180 

189 

•  The  concrete  blocks  were  reinforced  against 
Fig.  18  for  sketch  of  specimen. 

t  Corresponding  to  an  end  slip  of  0.1  in. 


lifting  by  means  of  a  '4-in.  wire  in  the  form  of  a  spiral.     See 
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26.  Bond  Resistance  with  Flat  Bars. — The  flat  bars  presented 
about  the  same  character  of  surface  as  the  plain  rounds'.  Through 
an  error  in  making  the  test  pieces,  6  specimens  were  made  with  1  by 
V2-:m.  bars  and  4  with  2  by  ^-in.  bars.  Direct  comparison  of  the 
results  of  the  tests  is  not  as  convincing  as  it  might  have  been  with 
an  equal  number  of  specimens'  of  each  size.  The  load-slip  curves  are 
plotted  in  Fig.  17.  The  1  by  H-in.  bars  show  a  higher  bond  resist- 
ance and  the  2  by  ^-in.  bars  a  lower  bond  resistance  than  the  corres- 
ponding plain  rounds. 


soo 


.wo      .ax?      .060      .o7o      .aso 

J//p  of  Bar    /nchej 

Fig.  17.    Load-slip  Curves  for  Plain  Round,  Flat  and  T-Bars. 


27.  Bond  Resistance  with  T-bars. — Pull-out  tests  were  made  on 
three  sizes'  of  T-bars,  1,  l1/^  and  2-in.,  as  shown  in  Table  11.  The 
bond-slip  curves  in  Fig.  17  show  that  the  bond  resistance  for  the  T-bars 
reaches  a  maximum  at  a  smaller  amount  of  slip  than  for  the  rounds  or 
flats;  this  is  especially  true  of  the  larger  sizes.  The  curves  for  the 
li/4-in.  and  2-in.  T-bars  drop  ofT  more  sharply  than  usual  immediately 
after  the  maximum.  The  smaller  T-bars  develop  higher  bond  stresses 
than  the  larger  ones,  but  all  the  values  fall  below  those  for  the  plain 
rounds.  On  the  other  hand  the  bond  resistance  per  lineal  inch  of  bar 
is  twice  as  high  for  the  2-in.  T-bars  as  for  the  1-in.  plain  rounds,  and 
the  bond  resistance  per  lineal  inch  for  the  1-in.  T-bar  is  about  the  same 
as  for  the  1-in.  round. 
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28.  Bond  Resistance  with  Polished  Hound  Bars. — A  comparison 
of  the  bond  resistance  with  polished  bars  and  that  with  plain  bars  of 
the  ordinary  mill  rolling  may  be  expected  to  show  how  much  of  the 
bond  is  due  to  adhesive  resistance  and  how  much  is  due  to  what  Baa 
been  termed  sliding  resistance,  resulting  from  irregularities  of  the 
surface  of  ordinary  mill  steel,  and  to  inequalities  in  the  section  or  align- 
ment of  the  bars  usually  furnished  for  reinforced  concrete  construction. 
In  other  words,  to  what  degree  does  the  plain  bar  partake  of  the  nature 
of  a  deformed  bar?  Two  sets  of  tests  were  made  on  polished  round 
bars;  see  Table  11.  The  1-in.  polished  bars  were  round  cold-rolled 
steel;  they  were  polished  by  turning  rapidly  in  a  lathe  and  applying 
fine  emery  cloth.  The  %-in.  tool  steel  was  used  as  it  came  from  the 
rolls;  these  bars  had  the  smooth  surface  and  uniform  diameter  which 
are  usually  found  in  bars  of  this  kind. 

It  was  characteristic  of  the  tests  of  specimens  with  polished  bars 
that  as  soon  as  an  end  slip  amounting  to  between  0.0005  and  0.001  in. 
was  developed,  the  adhesion  was  suddenly  destroyed  and  the  bar  pulled 
out  so  rapidly  that  it  was  generally  impossible  to  weigh  the  decreasing 
load  on  the  testing  machine.  However,  readings  were  obtained  in  one 
test,  and  the  load-slip  relation  has  been  plotted  in  the  lowest  curve  of 
Fig.  18.  This  curve  differs  from  those  of  plain  round  bars  in  that  the 
maximum  load  comes  at  the  very  beginning  of  slip  and  the  curve  drops 
off  quite  rapidly  as  soon  as  slip  becomes  appreciable. 

The  mean  values  of  bond  resistance  from  five  tests  each  on  %  and 
1-in.  polished  bars  are  143  lb.  per  sq.  in.  at  slip  of  0.0005  in.  and  lo6 
lb.  per  sq.  in.  at  the  maximum.  The  corresponding  value-  for  the  1-in. 
bars  of  ordinary  surface  are  267  and  380  lb.  per  sq.  in.  If  special 
weight  is  given  to  the  bond  stresses  developed  for  a  small  amount  of 
slip,  it  may  be  said  that  the  adhesive  resistance  of  clean  steel  to  concrete 
of  this  quality  is  about  A50  lb.  per  sq.  in.,  which  amounts  t<»  about 
of  the  bond  resistance  of  bars  of  ordinary  mill  surface  at  a  -mall  amount 
of  slip. 

The  results  of  the  pull-out  tests  with  tool  steel  bars  having  tin1 
original  surface  take  a  mean  position  between  the  values  for  the  polished 
bars  and  ordinary  plain  round  bars.  Tests  reported  in  Bulletin  Xo.  1 
(also  in  Table  25,  Bulletin  Xo.  8),  University  of  Illinois  Engineering 
Experiment  Station,  gave  136  and  117  lb.  per  sq.  in.  as  the  maximum 
bond  resistance  of  1-in.  cold  rolled  bars,  and  %-in.  round  tool  steel 
bars,  respectively,  embedded   6  in.  in   1-3-6  concrete,  and  tested,  a' 
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days.  The  pull-out  tests  on  specimens  with  cold  rolled  round  bars  in 
which  the  concrete  set  under  pressures  of  100  lb.  per  sq.  in.  gave  values 
about  10%  higher  than  those  in  concrete  setting  without  pressure  (see 
Table  22.)  The  tests  on  the  effect  of  loads  reapplied  after  failure  of 
bond  on  specimens  in  which  smooth  bars  were  used  are  discussed  in 
Art.  60.  Double  pull-out  specimens  with  cold  rolled  rounds  are  dis- 
cussed in  Art.  61. 

29.  Tests  with  Tapered  Bars. — The  tests  on  tapered  bars  were 
designed  to  throw  light  on  the  nature  of  bond  resistance.  Tapered  bars 
of  two  distinct  types  were  used.  These  types  will  be  referred  to  as  bars 
with  wedging  taper  and  bars  with  non-wedging  taper.  The  form  of  the 
wedging-taper  bar  is  shown  in  Fig.  18.  Four  different  degrees  of  taper 
were  used  for  each  type.  The  taper  varied  from  0.025  to  0.2  in.  per  foot 
for  each  of  the  two  forms.  These  bars  were  polished  after  machining 
so  as  to  reduce  them  to  a  surface  condition  as  nearly  uniform  as  pos- 
sible. The  specimens  with  bars  with  wedging  taper  were  reinforced 
against  bursting  by  means  of  6  or  7  turns  of  %-in.  wire  in  the  form  of 
a  spiral. 

The  results  of  the  tests  are  given  in  Table  11.  The  bars  with  non- 
wedging  taper  developed  an  end  slip  of  less  than  0.001  in.  and  an 
average  maximum  bond  resistance  of  189  lb.  per  sq.  in.  before  the 
adhesion  was  destroyed.  Almost  immediately  the  bond  resistance  fell 
to  nothing.  In  only  a  few  of  the  tests  did  the  bar  slip  as  much  as  0.001 
in.  before  the  maximum  resistance  was  reached.  There  was  no  apparent 
difference  in  the  amount  of  slip  developed  before  failure  in  the  bars  of 
the  different  degrees  of  taper,  and  there  was  no  systematic  relation 
between  bond  resistance  and  amount  of  taper.  These  bars  gave  approx- 
imately the  same  maximum  bond  resistance  as  the  straight  polished  bars. 

The  tests  on  bara  with  wedging  taper  gave  average  loads  for  all 
the  tests  at  the  beginning  of  slip  nearly  the  same  as  the  average  for 
the  bars  with  non-wedging  taper  for  the  same  amount  of  slip.  The 
phenomena  of  these  tests  were  quite  different  from  those  of  other  forms 
of  polished  bars  or  bars  with  mill  surface,  and  exhibited  some  unusual 
features.  The  uniformity  of  the  loads  at  first  end  slip  is  noteworthy. 
The  load-slip  curves  for  the  bars  with  wedging  taper  are  given  in  Fig. 
18.  Each  curve  is  a  composite  of  all  the  tests  in  a  set.  For  comparison 
the  load-slip  curves  for  a  single  test  on  a  straight  polished  bar  and  for 
the  set  of  plain  rounds  with  mill  surface  have  been  plotted  on  the  same 
diagram. 
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It  should  be  noted  that  the  concrete  blocks  in  this  group  of  tests 
were  reinforced  against  bursting  and  this  allowed  very  high  bond  stresses 
to  be  developed.  Up  to  the  time  that  slip  began,  the  bond  stress  de- 
veloped was  much  the  same  as  in  the  tests  with  the  cylindrical  polished 
bars;  and  it  was  not  materially  different  from  that  found  in  the  tests 
with  the  bars  with  non-wedging  taper.  In  all  the  tests  except  those 
with  a  taper  of  0.2  in.  per  ft.,  after  a  slip  of  about  0.005  in.,  corre- 
sponding to  a  bond  stress  of  about  205  lb.  per  sq.  in.,  the  load  dropped 
off  as  the  bar  was  being  withdrawn.     With  continued  slip  (the  amount 
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Fig.    18.     Bond  Resistance  with    Polished  Bars  of   Wedging  Tater. 


depending  on  the  degree  of  taper),  the  load  finally  began  to  rise.  Dur- 
ing the  lii-sl  stage  of  the  test  it  appears  that  the  load  was  carried  prin- 
cipally by  adhesive  resistance.  After  the  breaking  of  the  adhesion  the 
load  on  the  bar  was  taken  by  (a)  frietional  resistance  developed  by  the 
compression  and  (b)  the  longitudinal  component  of  the  compression. 
The  hitler  was  small  except  with  the  largest  tapers.  That  the  break  in 
the  curves  is  a  result  of  failure  in  adhesion  is  shown  by  the  similarity 
of  the  stresses  up  to  a  slip  of  about  0.005  in.,  and  by  the  fact  that  this 
bond  stress  is  only  a  little  higher  than  that  found  in  the  tests  of  pol- 
ished straight  bars  and  polished  bars  with  non-wedging  tapers.  These 
load-slip    curves    indicate    that    after    adhesion    was    destroyed    the    bar 
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slipped  an  amount  which  gave  only  a  very  small  increase  in  diameter 
of  section — less  than  0.0005  in. — before  the  bond  resistance  again  reached 
the  maximum  amount  taken  before  adhesion  was  destroyed.  As  slip 
continued,  the  amount  of  increase  in  diameter  at  a  given  section  of  the 
concrete  block,  which  corresponds  to  an  additional  bond  resistance  of 
100  lb.  per  sq.  in.,  was  about  0.0005  in.,  being  nearly  the  same  for  the 
several  tapers.  This  change  of  diameter  accompanied  the  compressive 
stress  set  up  in  the  concrete.  If  the  coefficient  of  friction  between  con- 
crete and  steel  be  taken  at  0.25,  the  calculated  normal  compressive  unit- 
stress  between  the  concrete  and  steel  will  range  from  two  to  four  times 
the  bond  unit-stress;  the  former  figure  being  for  the  largest  taper.  It 
will  be  noted  that  for  the  larger  tapers  at  the  higher  loads  the  load-slip 
curves'  change  character  and  round  off  toward  uniform  bond  resistance. 
It  seems  evident  that  this  condition  is  due  to  the  very  high  normal 
compressive  stresses  in  the  concrete. 

The  most  notable  feature  of  these  tests  is  the  sharp  line  of  demarka- 
tion  between  the  effect  of  adhesion  and  the  effect  of  wedging  action. 
The  similarity  of  the  behavior  of  the  bars  with  wedging  taper  and  the 
twisted  square  bars  is  discussed  in  Art.  41. 

c.     Effect  of  Condition  of  Storage. 

30.  Preliminary. — It  is  a  not  uncommon  belief  that  the  permanency 
of  submerged  concrete  work  reinforced  with  plain  bars  may  be  seriously 
impaired  by  the  ultimate  failure  of  the  bond  between  the  concrete  and 
steel.  With  a  view  to  obtaining  information  on  the  effect  of  a  variety 
of  conditions  of  storage  the  tests  summarized  in  Table  12  were  made. 
The  tests  were  generally  made  at  age  of  about  60  days.  In  two  of  the 
groups  the  age  at  test  varied  from  7  days  to  about  3  years.  All  speci- 
mens, except  those  placed  out-doors,  were  stored  in  the  Hydraulic 
Laboratory.  Thus  the  air-stored  specimens  were  in  a  warm,  damp 
atmosphere.  The  water-stored  specimens  were  generally  tested  about  1 
to  6  hours  after  removal  from  the  water.  Table  12  also  contains  the 
results  of  the  compression  tests  of  6-in.  cubes  which  were  stored  under 
the  same  conditions  as  the  corresponding  pull-out  specimens. 

31.  Batches  3  and  J+.— From  batches  3  and  4  two  nearly  parallel 
groups  of  tests  were  made  using  different  cements.  Five  specimens 
were  made  for  each  condition  of  storage  and  all  tests  were  made  at 
about  60  days.  These  specimens  were  made  on  January  12  and  13. 
Twenty-four  hours  after  making,  the  forms  were  removed  and  the  speci- 
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TABLE  12. 
Effect  of  Condition  of  Storage. 

1-2-4  hand-mixed  concrete.     Embedment  8  in. 
Specimens  were  stored  indoors  unless  otherwise  noted. 
Stresses  are  given  in  pounds  per  square  inch. 


Size  of 

Round 

Bar 

inches 


Age 

Number 

at  Test 

of 

days 

Tests 

Storage 


Bond  Stress 
at  End 
Slip  of 


0.0005 
inches 


0.001 
inches 


Maxi- 
mum 
Bond 

Resist- 
ance 


Compres- 
sive 
Strength 
of  6-in. 
Cubes, 
Average 
of  3 
Teste 


Batch  3,  Universal  Cement. 


62 

5 

60 

5 

62 

5 

62 

5 

63 

5 

Damp  sand 

Air  in  laboratory  . .  . 
Water  in  laboratory, 

Water  outdoors 

Outdoors  in  air 


556 

620 

702 

313 

375 

498 

493 

562 

670 

413 

421 

523 

354 

389 

454 

2898 
1937 
3253 
2558 
2022 


Batch  4*,  Chicago  AA  Cement. 


61 

5 

50 

5 

62 

5 

61 

5 

62 

5 

62 

5 

Damp  sand 

Air  in  laboratory 

Water  in  laboratory 

Water  outdoors 

Outdoors  in  air 

Made  outdoors  in  freezing  weather 


387 

421 

538 

246 

278 

398 

359 

405 

522 

415 

447 

539 

335 

366 

489 

64 

67 

80 

1913 
1295 
1993 
1677 
1642 


Batch  35,  Universal  Cement. 


7 

7 

3 
3 

41 
41 
41 

3 
3 
3 

60 
60 
60 

3 
3 
3 

14  mo. 
14  mo. 

3 
3 

26  mo. 
26  mo. 

8 
3 

Air 

Water 

Air 

Water 

Damp  sand. 

Air 

Water 

Damp  sand. 

Air 

Water. 

Air 

Water 


200 
239 

224 
273 

301 
392 

283 
465 
429 

314 
514 

482 

491 
607 
606 

221 
415 
475 

254 
492 
485 

416 
601 
601 

3 

332 
635 

389 
731 

562 
817 

445 

624 

513 

668 
950 

5040 


*  It  should  be  noted  that  Batch  4  was  a  much  leaner  mix  than  Batch  3;  the  percentages  of  cement  by 
weight  arc  12.7  and  15  4.  respectively.  The  tests  in  Table  1  show  that  these  two  cements  were  of  about  equal 
strength. 
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TABLE  12— Continued. 
Effect  of  Condition  of  Storage. 

1-2-4  hand-mixed  concrete.     Embedment  8  in. 
Specimens  were  stored  indoors  unless  otherwise  noted. 
Stresses  are  given  in  pounds  per  square  inch. 


Size  of J 

Round 

Bar 

inches 


Age 

at  Test 

days 


Number 
of 

Tests 


Storage 


Bond  Stress 
at  End 
Slip  of 


0.0005 
inches 


0.001 
inches 


Maxi- 
mum 
Bond 
Resis- 
tance 


Compres- 
sive 

Strength 

of  6-in. 
Cubes 

Average 
of  3 
Tests 


Batch  41,  Universal  Cement. 


7 
7 

7 

2 
2 
5 

31 
31 
31 
31 

2 
2 
2 
5 

60 
60 
60 
60 

2 
2 
2 
5 

14  mo. 
14  mo. 
14  mo. 

2 
2 
5 

26  mo. 
26  mo. 

2 
2 

1 

37  mo. 

4 

Air 

Water 

Water  4  days;  air  3  days  .  . . 

Damp  sand 

Air 

Water 

Water  14  days;  air  17  days  , 

Damp  sand 

Air 

Water 

Water  30  days;  air  30  days 

Damp  sand 

Air 

Water  3  mo.;  air  11  mo . .  . 


Air... 
Water . 

Water . 


243 

279 

381 

281 

343 

450 

253 

285 

380 

456 

528 

694 

309 

426 

632 

383 

437 

640 

417 

465 

562 

395 

440 

608 

381 

439 

586 

506 

600 

732 

532 

598 

691 

821 

967 

1060 

576 

668 

806 

669 

739 

848 

531 

656 

815 

676 

836 

984 

750 

780 

936 

2550 
2190 
2203 
2484 

2560 
2650 
2420 
3160 


Batch  39 1,  Universal  Cement. 


IX 
X 

X 
IX 


IX 
X 

\x 

X 
IX 


Water  50  days;  air  11  days  . 
Water  50  days;  air  11  days  . 

Water  55  days;  air    6  days 
Water  55  days;  air   6  days  . 

Water  58  days;  air    3  days 
Water  58  days;  air   3  days 


Water  61  days 

Water  61  days 

Water  60  days;  air  10  days  . 
Water  60  days;  air  10  days  . 

Water  60  days;  air  19  days. 
Watei  60  days;  air  19  days  . 


495 
430 

476 
431 

504 
437 

387 
318 

586 
392 

561 

460 


532 

477 

517 
483 

554 


559 
449 

648 
451 

673 
536 


671 
634 

641 

572 

709 
621 

658 
471 


594 

766 
619 


2360 
2560 
3007 
3020 
3223 
2713 


f  The  compressive  strength  of  6-in.  cubes  from  Batch  39  which  were  stored  in  damp  sand  and  tested  at  abou 
60  days  was  2190  lb.  per  sq.  in. 
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mens  stored  as  indicated  in  the  table.  The  specimens  stored  out-doors 
in  air  were  placed  near  the  north  wall  of  the  building,  where  they  were 
exposed  to  the  weather  during  the  greater  part  of  an  unusually  severe 
winter.  The  specimens  marked  "made  outdoors  in  freezing  weather" 
were  made  at  about  noon  with  the  thermometer  at  15°  F.  The  concrete 
was  mixed  indoors  and  carried  to  the  forms  in  buckets.  The  specimens 
were  left  outdoors  till  the  time  of  test.  The  concrete  probably  froze 
and  thawed  several  times  before  finally  hardening.  When  the  specimens 
were  broken  up  after  testing,  evidence  of  freezing  could  be  seen  in 
innumerable  fossil-like  crystal  forms  which  were  distributed  throughout 
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Fig.  19.     Load-slip  Curves  for  Different  Conditions  of  Storage. 

the  concrete.  Fig.  19  shows  the  load-slip  curves  for  the  tests  from 
Batch  4 ;  each  curve  is  a  composite  of  the  curves  for  the  five  tests  in  a  set. 
An  examination  of  the  values  for  maximum  bond  resistance  given 
in  the  table  shows  that  for  both  groups  the  damp  sand  storage  gave  the 
highest  resistance,  with  water  storage  a  close  second.  For  the  cube  1 
these  relations  are  reversed.  There  is  little  difference  between  the  values 
for  water  storage  indoors  and  outdoors — an  average  of  11%  in  favor 
of  the  indoor  storage.  In  the  case  of  air  storage  the  outdoor  specimens 
(average  of  batches  3  and  \)  were  5%  stronger  than  those  stored  in- 
doors. The  average  of  all  water-stored  specimens  is  23%  greater  than 
for  the  correspond  i ng  air-stored  specimens.  For  the  cube  tests  the 
values  are  in  the  same  order;  the  corresponding  percentage-  are  81,  14 
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and  42,  respectively.  The  similarity  of  the  results  for  indoor  and  out- 
door storage  is  surprising  when  the  difference  in  temperatures  is  con- 
sidered. The  mean  outdoor  temperature  during  the  season  of  storage 
was  31°  ¥.,  while  the  temperature  indoors  probably  seldom  fell  below 
70°  F.  It  seems  probable  that  the  loss  of  water  due  to  evaporation 
from  the  specimens  indoors  in  air  had  more  effect  in  reducing  the  con- 
crete strength  than  the  low  temperature  outdoors.  The  excess  of  11% 
for  the  water-stored  specimens  indoors  over  those  stored  in  water  out- 
doors may  be  considered  to  represent  the  difference  in  strength  due  to 
the  higher  indoor  temperature. 

The  specimens  made  outdoors  in  freezing  weather  were  almost  de- 
void of  bond  strength.  The  cubes  for  this  set  were  accidentally  destroyed 
before  the  time  of  test. 

The  curves  in  Fig.  19  show  considerable  similarity  in  the  bond- 
slip  relations  of  the  specimens  stored  differently.  This  similarity  is 
maintained  until  the  tests  were  discontinued  at  a  slip  of  0.1  in. 

32.  Batch  35. — In  this  group  a  comparison  of  sand,  water  and  air 
storage  was  made  for  ages  varying  from  7  days  to  26  months.  The 
maximum  bond  resistances  for  the  different  ages  for  the  air-stored  and 
water-stored  specimens  are  plotted  in  Fig.  20.  The  values  for  damp 
sand  and  water  storage  are  nearly  identical  for  both  ages1  at  which  tests 
were  made — 41  and  60  days'.  The  bond  resistance  for  water  storage  is 
greater  than  for  air  storage  for  all  ages  at  which  tests  were  made;  the 
maximum  bond  resistance  for  the  water-stored  specimens  is  greater  by 
30%  and  23%  at  7  and  41  days,  and  77%  and  42%  at  14  mo.  and 
26  mo.  The  60-day  tests  show  an  increase  over  the  7-day  tests  of  38% 
for  the  air-stored  and  53%  for  the  water-stored  specimens.  The  26-mo. 
tests  show  an  increase  over  the  60-da}7'  tests  of  50%  for  air  storage  and 
64%  for  water  storage.  The  specimens  tested  at  60  days  show  a  slightly 
lower  bond  resistance  than  the  specimens  tested  at  41  days;  this,  how- 
ever, is  probably  an  accidental  variation. 

The  bond  resistance  at  beginning  of  end  slip  shows  about  the  same 
relation  as  at  the  maximum  loads.  The  high  bond  resistance  developed 
in  the  older  specimens  is  noteworthy.  For  the  wrater-stored  specimens 
tested  at  26  mo.  the  bond  stress  at  beginning  of  slip  of  the  free  end  of 
the  bar  was  624  lb.  per  sq.  in.,  and  the  maximum  bond  resistance  was 
950  lb.  per  sq.  in.  The  bond  stresses  developed  by  the  specimens  from 
Batch  35  are  somewhat  lower  than  those  from  Batch  3  for  the  same  age 
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and  storage,  although  the  6-in.  cube  tests  indicate  that  the  concrete  was 
of  about  the  same  quality. 

33.  Batch  J^l. — The  tests  from  Batch  41  were  in  part  duplicates 
of  those  in  Batch  35.  Four  sets  of  specimens  were  placed  in  water 
during  the  first  half  of  their  storage  period  and  in  air  for  the  remainder 
of  the  time.  In  this  group  the  water-stored  specimens  gave  a  higher 
bond  resistance  at  all  stages  of  the  tests  than  the  air-stored.  At  31 
days  the  sand-stored  specimens  were  stronger  than  the  water-stored, 
while  at  60  days  the  reverse  was  true.  The  highest  values  for  bond  on 
plain  bars  from  the  tests  reported  in  this  bulletin  were  found  in  the 


IOOO 

•5 

d,lf?r  £ 

$.700 

i 

Q  600 

§500 

V 

/ 

.J® 

h 

^ 

**** 

^> 

^^ 

1 

|  3°o 

/ 

Effe 
0 

:t  of  Sforog 
a»cn  35 

e 

100 
0 

O         d         A  6 


io     id     it     i6     te     eo     ae    p*     ae>    38 

Age  or  Test  -Montrrs 


Fig.  20.    Maximum  Bond  Resistance  for  Specimens  Stored  in  Aik 
and  in  Water. 


tests  of  the  sand-stored  specimens  in  this  series,  which  were  tested  at 
It  mo.;  the  maximum  bond  stress  of  1060  lb.  per  sq.  in.  from  these 
tests  corresponds  to  a  steel  stress  of  31400  lb.  per  sq.  in.  in  the  1-in. 
bar  which  was  embedded  only  8  in. 

The  specimens  stored  4  days  in  water  and  3  in  air  gave  about  the 
same  values  as  those  stored  in  air  for  7  days.  Those  stored  11  days  in 
water  and  IT  days  in  air  gave  a  somewhat  lower  maximum  bond  resist- 
ance than  these  stored  31  days  in  air.    The  specimens  stored  30  days  in 


ABRAMS — TESTS  OE   BOND  BETWEEN   CONCRETE  AND  STEEL  59 

water  and  30  days  in  air  gave  values  between  the  water  and  air  stored 
specimens  tested  at  60  days.  The  specimens  stored  3  mo.  in  water  and 
11  mo.  in  air  gave  values  between  the  sand-stored  and  the  air-stored 
specimens  tested  at  14  mo.  In  general  these  tests  show  a  progressive 
increase  of  bond  strength  with  age  for  all  conditions  of  storage.  The 
values  at  the  older  ages  for  all  conditions  of  storage  are  high. 

34.  Batch  39. — In  order  to  study  the  effect  of  storing  specimens 
for  a  period  in  water  followed  by  varying  periods  of  air  storage  tests 
were  made  as  given  under  Batch  39  in  Table  12.  The  specimens  stored 
in  water  61  days  were  tested  immediately  upon  removal  from  the  water 
and  were  thoroughly  wet  when  the  load  was  applied.  These  tests  indicate 
that  the  drying-out  of  the  water-stored  specimens  before  testing  has  an 
influence  in  increasing  the  bond  resistance,  although  the  evidence  is  not 
entirely  conclusive. 

35.  Discussion  of  Effect  of  Storage. — The  tests  in  Table  12  show 
about  the  same  bond  resistance  for  damp-sand  storage  as  for  water 
storage  for  ages  up  to  60  days;  and  the  high  stresses  developed  by  the 
specimens  in  Batch  41  stored  in  clamp  sand  for  14  mo.  indicate  that 
this  relation  may  be  expected  to  hold  indefinitely  unless  affected  by 
other  agencies.  The  water-stored  specimens  gave  from  10%  to  45% 
higher  bond  resistance  than  the  corresponding  air-stored  specimens,  an 
average  of  26%  for  13  parallel  sets  of  tests,  based  on  the  maximum  bond 
stresses  given  in  Table  12.  This  difference  seems  to  increase  with  age; 
three  parallel  sets  of  tests  made  after  1  year  show  an  average  increase 
in  bond  resistance  of  37%  in  favor  of  the  water-stored  concrete.  The 
compression  tests  on  6-in.  cubes  show  an  average  excess  of  strength  of 
25%  for  the  water-stored  specimens  over  the  air-stored  specimens.  Since 
sufficient  water  was  used  in  mixing  the  concrete,  it  is  probable  that 
evaporation  of  water  from  the  concrete  was  the  cause  of  the  lower  bond 
resistance  in  the  air-stored  specimens. 

The  presence  of  water  not  only  does  not  injure  the  bond  between 
the  concrete  and  steel  for  ages  up  to  3  years,  but  it  is  an  important 
factor  in  producing  conditions  which  result  in  high  bond  resistance. 
Conditions  of  stress  in  concrete  under  load  may  modify  these  results, 
but  it  seems  likely  that  the  relative  bond  resistances  in  service  will  not 
be  materially  different  from  those  found  in  the  above  tests  with  concrete 
of  the  same  quality  and  with  similar  exposure. 
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d.     Bond  Tests  with  Deformed  Bars. 

36.  Preliminary. — The  term  "deformed  bar"  is  applied  to  a  form 
of  bar  with  projections  on  the  surface  or  other  frequent  irregularities 
of  section  and  designed  and  rolled  specially  for  concrete  reinforcement. 
These  irregularities  of  section  or  projections  are  expected  to  increase 
the  bond  resistance  of  the  bar.  Some  hundreds  of  patents  have  been 
issued  on  bars  of  this  kind,  but  only  a  few  forms  have  been  used  to 
any  extent.  Present  building  codes  and  engineering  specifications  gen- 
erally permit  the  use  of  higher  bond  stresses  in  the  design  of  structures 
in  which  deformed  bars  are  to  be  used  than  are  permitted  in  the  case 
of  plain  bars. 

In  the  1909  series,  pull-out  tests  were  made  with  seven  commercial 
types  of  deformed  bars,  which  number  included  most  of  the  types  of 
deformed  bar  in  use  at  the  time  the  tests  were  begun.  Fig.  21  shows 
the  forms  of  the  bars  used,  and  Table  13  gives  the  characteristics  of 
these  bars.  For  comparison,  tests  on  specimens  with  plain  round, 
twisted  square,  and  threaded  round  bars  were  included.  The  size  of 
the  bars  varied  from  y2  to  iy$  in.  The  concrete  cylinders  were  8  in. 
in  diameter  with  8-in.  embedment.  The  concrete  was  1-2-4,  hand-mixi-d. 
All  specimens  were  stored  in  damp  sand  and  tested  at  the  age  of  about 
2  months.  In  general,  the  tests  were  made  in  sets  of  five,  one  specimen 
of  each  kind  having  been  made  from  each  of  five  batches  of  concrete. 
A  period  of  about  2  months  elapsed  between  the  making  of  the  first  and 
the  last  specimens.  In  all  the  specimens  except  those  with  plain  round 
bars  the  concrete  cylinders  were  reinforced  against  splitting  by  means  of 
a  wire  spiral,  since  the  load-slip  relation  was  desired  rather  than  values 
for  ultimate  strength.  A  summary  of  the  average  values  from  the  tests 
is  given  in  Table  14.    The  load-slip  curves  are  plotted  in  Fig.  23  and  24. 

Deformed  bars  were  used  in  several  other  groups  of  pull-out  tests 
which  are  not  included  in  the  present  discussion,  'rots  with  deformed 
bars  in  which  the  concrete  blocks  were  not  reinforced  against  splitting 
are  discussed  in  Art.  64. 

37.  Phenomena  of  Pull-out  Tests  with  Deformed  Bars. — In  the 
discussion  of  bond  on  plain  bars  it  was  seen  that  the  adhesion  between 
the  concrete  and  steel  was  broken  by  a  very  small  movement  of  the  bar 
and  as  movement  continued  the  bond  was  gradually  taken  by  sliding 
resistance,  which  resulted  from  inequalities  of  the  surface  of  the  bar  and 
from  irregularities  of  its  section  and  alignment.     The  projections  on  a 
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Lug  Bar  -TW/sted 


Corrugated  square  [Type  A) 


Corrugated  Square  (type  B) 


Corrugated  Pound  (type  C) 


Cup  Bar 


ThacherBar 


twisted  square  Bar 


Round  Bar  with  standard  threads 
Fig.  21.     Deformed  Bars  Used  in  Pull-out  Tests. 
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deformed  bar  give  an  exaggerated  case  of  inequality  of  surface  and 
irregularity  of  section.  The  tests  described  below  indicate  that  the  pro- 
jections do  not  assist  in  resisting  a  force  tending  to  withdraw  the  bar 
until  a  slip  of  bar  has  occurred  approximating  that  corresponding  to 
the  maximum  sliding  resistance  of  plain  bars.  The  sliding  resistance 
of  plain  bars  reaches  its  maximum  value  at  a  slip  of  about  0.01  in.     It 

TABLE  13. 

Notes  on  Deformed  Bars  Used  in  1909  Pull-out  Tests. 

The  forms  of  these  bars  are  shown  in  Fig.  21. 


Bar 


Equivalent  Section 


Perim- 
eter,* 
inches 


Remarks 


H-in.  twisted  lug  bar" 

^8-in.  twisted  lug  bar° 

%-in.  twisted  lug  bar° 

1     -in.  twisted  lug  bar0 

J^-in.  cup  bar 
%-in.  cup  bar 
1    -in.  cup  bar 

H-in.  Corrugated  sq.  Type  A 
%-in.  Corrugated  sq.  Type  A 
1    -in .  Corrugated  sq .  T ype  A 

H-in.  Corrugated  sq.  Type  B 
%-in.  Corrugated  sq.  Type  B 
1    -in.  Corrugated  sq.  Type  B 

i*j-in.  Corrugated    round 

TypeC 

l>8-in.   Corrugated    round 

TypeC 

%-.n  Thacher 

H-in.  sq.  twisted 
1    -in.  sq.  twisted 

1-in.  round  bar,  threaded 


Hexagonal  in  section, 
equivalent  to  square 
bar  of  same  nominal 


Round  bar,  equivalent 
to  square  bar  of  same 
nominal  size. 

Square  bar  having  the 
perimeter  shown. 


Square  bar  of  same  size 
Square  bar  of  same  size 
Square  bar  of  same  size 

Round  bar 

Round  bar 

S-in.  round  bar 

Yz  in.  square 
1  in.  square 

Round,  diameter  0.89  in. 


1.87 
2.32 

2.78 
3.78 

1  77 
2.65 
3.56 

1.32 
2.50 
3.56 

2.00 
3.00 
4.00 

1.77 

3.34 

2.35 

2.00 
4.00 

2.80 


Lugs  2.4  in.  apart;  2.7  twists  per  ft. 
Lugs  2.4  in.  apart;  2.0  twists  per  ft. 
Lugs  2.4  in.  apart;  1.7  twiBts  per  ft. 
Lugs  2.4  in.  apart;  1.0  twists  per  ft. 

Cups  1  in.  long. 
Cups  \V%  in.  long. 
Cups  1%  in.  long. 

Corrugations  .06  in.  high  0.5  in.  apart  on  all  faces. 
Corrugations  .08  in.  high  0.7  in.  apart  on  all  faces. 
Corrugations  .09  in.  high  0.9  in.  apart  on  all  faces. 

Corrugations  .06  in.  high  3,i  in.  apart  on  all  faces. 
Corrugations  .09  in.  high  1V'8  in.  apart  on  all  faces. 
Corrugations  .11  in.  high  1  \i  in.  apart  on  all  faces. 


Circumferential    corrugations    0.05    in. 

K-in.  apart. 
Circumferential    corrugations    0.09    in. 
1.6  in.  apart. 

Plain  round  bar  flattened  at  intervals. 

Cold  twisted;  2  twists  per  lineal  foot. 
Cold  twisted;  1  twist  per  lineal  foot. 

Standard  V-shaped  threads,  8  per  inch. 


high, 
high, 


°  The  straight  lug  bars  were  like  those  given  in  the  table,  except  for  the  twisang. 

•  The  perimeters  given  are  those  of  bars  of  the  same  weight  and  having  the  form  of  section  indicated  in  the  second 
column. 


will  be  shown  in  Art.  .">l.  in  the  discussion  of  tests  on  bars  anchored  by 
means  of  nuta  and  washers,  that  with  the  large  bearing  area  present  a 
distinct  movement  of  the  bar  was  necessary  to  bring  this  anchorage  into 
art  ion.  This  makes  it  clear  that  the  adhesive  resistance  must  be  de- 
t roved  and  sliding  resistance  largely  overcome  and  that  the  concrete 
ahead  of  the  projections  must  undergo  an  appreciable  compression  before 
the  projections  become  effective.     The  action  of  anchored  and  deformed 
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bars  during  the  first  stage  of  the  tests  does  not  differ  much  from  that 
of  plain  bars.  This  conclusion  might  have  been  reached  from  our 
knowledge  of  the  behavior  of  elastic  bodies,  but  it  is  one  which  gen- 
erally has  been  overlooked  in  discussions  of  the  action  of  deformed  bars. 

After  the  adhesion  is'  overcome  and  the  sliding  resistance  of  the 
smoother  portions  of  the  bar  reaches  its  maximum  value,  the  projec- 
tions become  effective  and  we  may  recognize  a  third  stage  in  a  pull-out 
test  of  a  deformed  bar  in  which  the  bond  stress  arises  principally  from 
the  bearing  stress  between  the  projections  and  the  concrete  ahead.  As 
slip  continues,  a  larger  and  larger  portion  of  the  stress  is  taken  in 
direct  bearing.  This  bearing  stress  is  opposed  by  a  shearing  stress  over 
an  area  of  concrete  enveloping  the  projections.  The  exact  stage  of  the 
test  at  which  the  projections  become  effective  in  taking  stress  and  the 
amount  of  stress  which  finally  may  be  taken  in  this  way,  depend,  of 
course,  on  the  design  of  the  bar.  The  influence  of  the  form  of  the  bar 
and  the  secondary  stresses  developed  in  the  concrete  by  deformed  bars 
of  different  types  are  discussed  in  Art.  42. 

Due  to  the  elongation  of  the  bar  and  to  the  yielding  of  the  con- 
crete ahead  of  the  projections  it  is  evident  that  the  three  stages  men- 
tioned above  (adhesion,  sliding  resistance  and  bearing  resistance)  may 
be  co-existent  over  a  comparatively  short  embedded  length  of  a  deformed 
bar.  In  other  words,  the  transition  from  the  condition  in  which  prac- 
tically all  the  bond  stress  is  taken  by  adhesion,  only  a  little  by  sliding 
resistance  and  none  by  bearing,  to  that  in  which  none  is  taken  by 
adhesion,  only  a  little  by  sliding  resistance  and  practically  all  by  bear- 
ing, is  so  gradual  that  we  may  not  expect  to  find  a  sharp  line  of  demarka- 
tion  between  them,  but  that  the  load-slip  relation  for  deformed  bars 
will  be  a  continuous  curve,  as  long  as  the  concrete  is  intact. 

Fig.  22  gives  a  typical  load-slip  curve  for  deformed  bars.  This 
curve  is  a  composite  from  55  tests,  including  all  the  tests  given  in  Table 
14  on  bars  of  %  in-  an(i  larger  sizes,  except  the  plain  round,  twisted 
square  and  threaded  bars.  The  twisted  square  and  threaded  bars  are 
not  considered  in  the  present  discussion  of  deformed  bars. 

The  bond  stresses  for  various  amounts  of  end  slip  are  given  as 
percentages  of  the  average  bond  stress  which  was  developed  at  an  end 
slip  of  0.1  in.  Since  the  value  used  for  the  highest  bond  resistance 
considered  is  purely  arbitrary,  it  will  be  seen  that  the  percentages  given 
in  Fig.  22  are  only  relative.  However,  the  curve  plotted  in  this  form 
is  useful  in  showing  the  relation  of  bond  resistance  to  end  slip  of  bar. 
It  would  have  made  little   difference   in   the   relative   position   of   the 
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curve  if  the  average  bond  resistance  corresponding  to  an  end  slip  of, 
say,  0.05  in.  or  0.2  in.  had  been  used  as  100%.  End  slip  of  bar  began 
at  about  one-third  the  stress  corresponding  to  an  end  slip  of  0.1  in. 
After  slipping  began,  the  increase  in  bond  resistance  was  nearly  pro- 
portional to  the  amount  of  slip  up  to  an  end  slip  of  about  0.01  in. 
After  an  end  slip  of  0.05  in.  the  bond  resistance  increased  very  slowly 
with  further  withdrawal  of  the  bar.     It  should  be  borne  in  mind  that 
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Fig.  22.    Composite  Load-slip  Curve  from  Pull-out  Tests  with 
Deformed  Bars. 

spiral  reinforcement  was  used  to  prevent  splitting  of  the  concrete  blocks. 
Jt  will  be  seen  later  that  the  presence  of  this  reinforcement  had  a  marked 
influence  in  increasing  the  bond  resistance  of  the  deformed  bars  even 
mi  small  amounts  of  end  slip. 

A  reference  to  Fig.  23  and  24,  where  the  individual  load-slip  curves 
for  these  tests  are  plotted,  will  show  that  the  form  of  the  curves  for 
deformed  bars  and  their  position  on  the  diagram  are  not  materially 
different  from  the  curves  for  the  plain  bars  up  to  an  end  slip  of  about 
0.01  in.,  corresponding  to  the  maximum  bond  resistance  of  the  plain 
bars.  This  makes  it  apparent  that  up  to  this  point  the  bond  refi  - 
of  deformed  bars  is  principally  due  to  the  same  causes  as  in  the  plain 
bar  tests,  and  that  the  projections  have  qoI  appreciably  come  into  action 
at  this  Btage  of  the  tests.    All  further  increase  in  bond  resistance  is  due 
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entirely  to  the  presence  of  the  projections.  The  form  of  the  load-slip 
curve  after  slip  became  general  varied  widely  for  bars  of  different  types. 
The  form  assumed  by  any  curve  probably  depends  on  the  shape,  size 
and  spacing  of  the  projections. 

Some  types  of  deformed  bar  developed  very  high  bond  stresses  and 
it  is  apparent  that  the  bearing  stress  between  the  concrete  and  the 
adjacent  projections  was  abnormally  high.  Some  notion  of  the  impor- 
tance of  these  stresses  and  their  bearing  on  the  proper  design  of  a 
deformed  bar  which  will  best  resist  slipping  through  the  concrete  is 
given  in  Art.  42. 

38.  Basis  of  Comparison  of  Bond  Resistance  of  Deformed  Bars. — 
In  computing  the  unit  stresses  given  in  Table  14  and  for  other  tests 
with  deformed  bars,  the  perimeter  used  was  that  of  a  bar  having  the 
same  sectional  shape  and  the  same  weight  per  unit  of  length  as  the 
deformed  bar  under  consideration.  The  perimeters  given  in  Table  13 
for  these  bars  were  determined  from  the  weights  of  the  bars  in  this  way. 
In  order  to  secure  a  uniform  basis  for  comparison  the  bond  stresses 
corresponding  to  given  amounts  of  end  slip  will  be  used.  Most  of  the 
deformed  bars  showed  an  increasing  bond  resistance  even  after  a  large 
amount  of  slip  had  occurred.  The  highest  bond  resistance  reported 
for  deformed  bars  was  that  corresponding  to  an  end  slip  of  0.1  in., 
unless  the  maximum  load  came  at  a  smaller  amount  of  slip.  A  slip  of 
0.1  in.  is  very  much  larger  than  would  be  available  or  permissible  in 
reinforced  concrete  construction. 

It  will  be  seen  in  the  discussion  of  bond  failures  in  beams  reinforced 
with  either  plain  or  deformed  bars  that  the  amount  of  slip  at  the  free 
end  of  the  bar  which  may  be  developed  before  the  maximum  bond 
resistance  in  the  beam  is  reached  is  much  less  than  in  the  pull-out  tests. 
It  is  evident  that  if  we  are  to  secure  a  proper  criterion  of  the  bond  value 
of  a  deformed  bar  from  the  pull-out  tests  we  must  use  a  load  which 
corresponds  to  a  slip  very  much  smaller  than  that  at  the  maximum  bond 
stress  as  defined  above.  Certain  beam  tests  indicate  that  if  the  load 
which  produces  a  slip  of  about  0.001  in.  at  the  free  end  of  the  bar  is 
repeated  or  maintained  constant  for  a  considerable  period  the  beam  will 
ultimately  fail  in  bond  at  this  load.  This  conclusion  is  based  on  tests 
of  beams  in  which  the  longitudinal  steel  was  not  highly  stressed — see 
Art.  90.  In  the  case  of  plain  round  bars  the  pull-out  tests  show  that 
the  bond  resistance  at  an  end  slip  of  0.001  in.  is  about  75%  of  the 
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maximum.  Professor  J.  L.  Van  Ornum,  Trans.  Am.  Soc.  C.  E.,  Vol. 
LVIII,  1907,  p.  294,  and  Professor  M.  0.  Withey,  Bulletin  No.  321, 
University  of  Wisconsin,  have  found  that  with  plain  bars  a  sufficient 
number  of  repetitions  of  a  load  60  to  80%  of  what  would  be  the  maxi- 
mum bond  resistance  under  a  load  applied  progressively  to  failure  will 
cause  bond  failure  in  pull-out  tests  or  in  beam  tests. 

It  will  be  seen  also  in  the  discussion  of  the  beam  tests  that  begin- 
ning of  slip  at  the  free  end  of  the  bar  (slips  amounting  to  0.0002  in. 
or  less)  is  almost  simultaneous  with  the  appearance  of  cracks  in  the  outer 
region  of  the  beam.  This  is  an  important  reason  for  using  for  com- 
parison bond  stresses  corresponding  to  small  amounts  of  end  slip. 

These  considerations  show  that  it  is  the  bar  which  longest  resists 
beginning  of  slip  that  should  be  rated  highest  in  comparison.  In  the 
following  discussion  of  deformed  bars,  the  bond  resistance  at  a  slip  of 
0.001  in.  will  be  used  as  the  principal  basis  of  comparison  of  the  bond 
resistance  of  bars  of  different  forms.  In  the  summary  of  the  tests, 
Table  14,  the  relation  of  the  bond  resistance  at  an  end  slip  of  0.001  in. 
has  been  given  for  each  set  of  tests  in  terms  of  the  resistance  of  plain 
round  bars  at  the  same  slip.  Similar  ratios  are  given  for  the  bond 
stresses  at  an  end  slip  of  0.01  in.  Mean  values  for  1  and  1%-in.  plain 
bars  have  been  used  as  a  basis  of  comparison  in  determining  the  ratios 
given  in  the  table. 

The  high  values  found  in  the  pull-out  tests  are  much  larger  than 
would  be  obtained  without  the  restraint  of  the  spiral  reinforcement. 
While  such  values  may  be  available  in  the  case  of  a  bar  simply  anchored, 
it  is  evident  that  they  are  not  available  in  beam  or  similar  construction. 

39.  Discussion  of  Deformed  Bar  Tests. — The  plain  round  bars 
used  in  this  group  of  tests  were  of  high-carbon  steel  with  ordinary  mill 
surface.  The  values  of  bond  resistance  found  for  the  plain  rounds  are 
about  the  same  as  found  in  other  groups  of  tests  on  plain  bars.  The 
average  values  for  the  two  sizes  of  bar  are  306  lb.  per  sq.  in.  for  an  end 
slip  of  0.001  in.  and  405  lb.  per  sq.  in.  for  the  maximum  bond  resistance. 
The  blocks  with  plain  round  bars  were  not  reinforced  against  bursting. 

Using  the  above  values  from  the  plain  bar  tests  as  a  basis,  we  may 
make  some  interesting  comparisons.  At  an  end  slip  of  0.001  in.  the  12 
sets  of  deformed  bars  of  %-in.  and  larger  sizes  in  Table  14  (the  55  tests 
which  were  used  in  plotting  the  curve  in  Pig.  22)  developed  an  average 
bond  resistance  of  318  lb.  per  sq.  in.,  or  an  average  of  4%  more  than 
the  plain  rounds  at  the  same  end  slip.     At  this  stage  of  the  tests,  two 
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sets  of  deformed  bars  gave  practically  the  same  bond  resistance,  five 
sets  gave  lower  values,  and  five  sets  higher  values  than  the  plain  bars. 
At  an  end  slip  of  0.01  in.,  corresponding  to  the  maximum  bond  resist- 
ance of  plain  bars,  the  average  bond  resistance  of  the  12  sets  of  deformed 
bars  was  445  lb.  per  sq.  in.,  or  10%  higher  than  the  plain  bars.  At  this 
stage,  two  sets  gave  about  the  same  resistance,  two  sets  gave  lower  values 
and  eight  sets  gave  higher  values  than  the  plain  bars.  The  highest  value 
(2  tests)  was  about  45%  in  excess  of  the  plain  bars;  the  average  of  the 
three  next  highest  sets  was  about  23%  in  excess  of  the  plain  bars. 

In  the  following  discussion,  little  will  be  said  about  the  tests  with 
deformed  bars  smaller  than  %  in.,  but  the  values  may  be  seen  in  Table 
14.  The  tests  with  threaded  round  and  twisted  square  bars  are  dis- 
cussed in  Art.  40  and  41. 

Tests  were  made  on  three  types  of  corrugated  bars — types  A,  B, 
and  C.  Types  A  and  B  are  square  bars,  type  C  is  designated  as  round 
but  has  an  oval  contour.    These  bars  were  of  high-carbon  steel. 

At  a  slip  of  0.001  in.  with  bars  of  type  A  (formerly  known  as  corru- 
gated square,  old  style)  the  %-in.  size  gave  89%  of  the  bond  resistance 
of  plain  bars.  The  1-in.  bars  gave  123%.  The  individual  tests  for  the 
%-in.  bars  show  a  wide  variation;  the  values  ranged  from  183  to  390 
lb.  per  sq.  in.  at  a  slip  of  0.001  in.,  with  an  average  of  273  lb.  per  sq.  in. 
The  load-slip  curves  follow  closely  the  composite  curve  for  deformed 
bars  given  in  Fig.  22.  Type  B  (formerly  known  as  corrugated  square, 
new  style)  gave  a  percentage  of  101  for  both  the  %  and  the  1-in.  bars; 
the  value  for  bond  stress  at  slip  of  0.001  in.  averaged  308  lb.  per  sq. 
in.  for  each  of  these  sizes.  Type  C  (commonly  known  as  corrugated 
round)  gave  a  bond  resistance  of  256  lb.  per  sq.  in.,  for  the  1%-in.  bar 
at  an  end  slip  of  0.001  in.,  a  value  below  all  the  other  deformed  bars. 
However,  in  other  groups  of  pull-out  tests  and  m  the  beam  tests  in 
which  this  bar  has  been  used  the  comparison  is  more  favorable.  In  the 
tests  on  effect  of  length  of  embedment,  Table  9,  the  1%-in.  corrugated 
rounds  give  a  bond  resistance  of  291  lb.  per  sq.  in.  at  a  slip  of  0.001  in., 
as  the  average  of  four  lengths  of  embedment,  ranging  from  4  to  24  in., 
while  the  1%-in.  plain  rounds  for  the  same  lengths  of  embedment  gave 
302  lb.  per  sq.  in.  The  bars  of  type  A  give  the  highest  bond  resistance 
both  at  beginning  of  slip  and  at  maximum  load  found  in  the  tests  on 
corrugated  bars.  It  is  shown  in  Art.  42  that  these  differences  may 
readily  be  accounted  for  by  a  consideration  of  the  details  of  the  design 
of  the  bars.  The  relative  values  for  the  larger  sizes  of  corrugated  bars 
may  be  seen  by  reference  to  Figs.  23,  24  and  25. 
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The  general  characteristics  of  the  cup  bar  are  somewhat  similar  to 
the  corrugated  rounds.  These  bars  are  round  in  section  and  have  a 
sectional  area  equal  to  that  of  a  square  bar  of  the  same  nominal  size. 
These  bars  were  of  high-carbon  steel.  At  an  end  slip  of  0.001  in.  the 
%-in.  cup  bars  show  an  efficiency  of  113%  and  the  1-in.  bars  106%, 
as  compared  with  the  plain  rounds.  The  bond  resistance  developed  by 
the  cup  bar  at  an  end  slip  of  0.1  in.  was  the  highest  developed  by  any 
of  the  larger  sizes  of  deformed  bars;  it  averaged  about  1T00  lb.  per  sq.  in. 
for  the  larger  bars.  However,  it  should  be  remembered  that  the  con- 
crete blocks  were  reinforced  against  bursting. 

Tests  were  made  on  two  different  types  of  lug  bar — straight  and 
twisted.  They  were  of  high-carbon  steel.  The  amount  of  twist  and  the 
spacing  of  the  lugs  are  shown  in  Table  13.  The  %-in.  straight  lug  bars 
show  an  efficiency  of  108%  and  the  1-in.  bars  121%  as  compared  with 
the  plain  round  bars  at  an  end  slip  of  0.001  in.  The  %-in.  twisted  lug 
bars  show  an  efficiency  of  95%,  the  %-in.  bars  84%,  and  the  1-in. 
bars  94%.  Considering  only  the  %  and  1-in.  bars,  the  values  of  bond 
resistance  are  from  10%  to  30%  higher  for  the  straight  bars  than  for 
the  twisted  bars.  This  is  true  for  all  stages  of  the  tests  except  at  the 
highest  loads  considered.  It  will  be  seen  in  the  discussion  of  tests  on 
square  twisted  bars  (Art.  41)  that  this  is  a  characteristic  phenomenon 
of  pull-out  tests  with  twisted  bars.  It  is  noteworthy  that  at  an  end 
slip  of  0.001  in.  the  straight  lug  bars  had  a  bond  resistance  about  15% 
greater  and  the  twisted  lug  bars  about  10%  less  than  plain  rounds. 

The  Thacher  bar  consists  of  a  round  mild  steel  bar  which  is  flat- 
tened at  intervals.  Only  %-in.  bars  of  this  type  were  tested.  This  bar 
gave  a  bond  resistance  of  279  lb.  per  sq.  in.  at  a  slip  of  0.001  in.,  91% 
of  the  bond  resistance  of  plain  round  bars  at  the  same  slip.  The  average 
load-slip  curve  for  this  bar  follows  almost  exactly  the  composite  curve 
for  the  larger  sizes  of  deformed  bars  as  given  in  Fig.  22. 

In  Fig.  25  the  significant  stresses  from  the  pull-out  tests  on  de- 
formed bars  have  been  plotted  in  a  way  that  shows  their  relative  values. 
The  heavy  solid  line,  shows  to  scale  the  bond  stress  at  an  end  slip  of 
0.001  in.,  the  right  end  of  the  broken  line  indicates  the  bond  stress  at 
an  end  slip  of  0.01  in.,  and  the  open  line  corresponds  to  the  bond  stress 
at  an  end  slip  of  0.1  in.,  which  is  the  highest  bond  stress  which  has  been 
considered  in  the  discussion  of  the  deformed-bar  tests.  The  bars  have 
been  arranged  in  the  figure  in  the  order  of  the  stress  developed  at  an 
end  slip  of  0.001  in.    For  sake  of  comparison  the  tests  on  threaded  bars, 
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Fig.  23.     Load-slip  Curves  from  Pull-out  Tests  with  Deformed  Bars. 
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Fig.  24.    Load-sup  Curves  from  Pull-out  Tests  with  Deformed  Bars. 
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twisted  square  and  plain  rounds  made  from  the  same  batches  have  been 
included.  The  average  values  for  the  1  and  ly^-in.  plain  rounds  have 
been  used.  With  this  arrangement  it  is  of  interest  to  note  that  the 
plain  bars  occupy  about  a  mean  position,  with  seven  commercial  bars 
above  and  six  below. 
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Fig.  25.     Relative  Values  of  Bond  Resistance  of  Deformed  Bars. 

The  heavy  solid  lines  show  to  scale  the  bond  stresses  developed  in 
the  pull-out  tests  at  an  end  slip  of  0.001  in.;  the  right  ends  of  the  broken 
lines  indicate  the  bond  stresses  at  an  end  slip  of  0.01  in.;  the  open  lines 
indicate  the  bond  stresses  at  an  end  slip  of  0.10  in. 

40.  Threaded  Bars. — In  order  to  study  the  bond  resistance  of  bars 
in  which  the  projections  were  more  numerous  than  in  any  of  the  avail- 
able commercial  bars,  tests  were  made  on  l-in.  round  bars  on  which  a 
standard  thread  had  boon  cut  for  the  entire  embedded  length.  The 
relation  of  this  bar  to  the  other  deformed  bars  used  is  shown  in  Table  13. 
The  results  of  10  tests  are  given  in  Table  14  and  the  load-slip  curves 
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in  Fig.  23.  This  bar  offers  a  much  higher  resistance  to  beginning  of 
slip  than  any  other  form  of  bar  used  in  these  tests.  The  bond  stress  at 
an  end  slip  of  0.001  in.  varied  from  500  to  742  lb.  per  sq.  in.;  average 
612  lb.  per  sq.  in.  It  will  be  seen  that  the  lowest  value  for  this  bar  is 
nearly  as  great  as  the  highest  for  any  of  the  commercial  deformed  bars 
of  about  the  same  size.  This  bar  gave  twice  as  much  bond  resistance 
as  the  plain  round  bars  at  a  slip  of  0.001  in.  The  maximum  bond 
resistance  came  at  a  slip  of  about  0.1  in.  and  averaged  745  lb.  per  6q. 
in.  The  tests  indicated  that  failure  was  produced  by  piecemeal  shear- 
ing of  the  concrete  surrounding  the  threads. 

The  pull-out  tests  on  threaded  bars  made  with  the  1912  beams 
(see  Table  34)  gave  somewhat  lower  values  than  those  above,  but  the 
1912  specimens  were  not  reinforced  against  bursting. 

41.  Twisted  Square  Bars. — Pull-out  tests  were  made  on  y2  and 
1-in.  cold  twisted  square  bars.  The  characteristics  of  the  bars  may  be 
found  in  Table  13.  The  load-slip  curves  for  these  tests  have  been 
included  with  the  deformed  bars  in  Fig.  23  and  24.  Load-slip  curves 
for  the  individual  tests  and  for  the  plain  rounds  made  from  the  same 
concrete  are  shown  in  Fig.  26.  A  mean  curve  has  been  drawn  for  each 
size  of  twisted  square  bars.  The  tests  exhibit  some  peculiar  phenomena. 
The  load-slip  curves  are  not  unlike  those  for  plain  bars  up  to  an  end 
slip  of  about  0.01  in.,  except  that  they  are  lower  on  the  scale.  After 
a  slip  of  about  0.01  in.  has  been  reached  there  is  a  decided  drop  in  the 
curves.  This  drop  is  found  in  all  the  curves  in  varying  degree.  It  is 
more  pronounced  in  the  i/^-in.  than  in  the  1-in.  bars.  The  mean  curve 
for  the  1-in.  bars  shows  only  a  slight  depression  after  a  slip  of  0.01  in., 
but  the  slip  is  increased  to  about  0.05  in.  before  there  is  any  further 
increase  in  the  bond  resistance.  From  this  point  the  curve  continues  to 
rise  at  an  increasing  rate.  In  the  %-in.  bars  the  mean  curve  drops 
from  about  373  lb.  per  sq.  in.  at  a  slip  of  0.01  in.  to  330  lb.  per  sq.  in. 
at  a  slip  of  0.04  in.  and  the  end  slip  reaches  about  0.10  in.  before  the 
bond  resistance  exceeds  that  corresponding  to  a  slip  of  0.01  in.  After 
this  point  the  course  of  the  curve  is  similar  to  that  of  the  1-in.  bars. 
The  load  required  to  pull  out  these  bars  would  probably  depend  on  the 
amount  of  restraint  against  the  bursting  of  the  concrete  block.  The 
maximum  loads  considered  in  the  table  were  (as  in  the  case  of  the 
deformed  bars)  those  corresponding  to  an  end  slip  of  0.1  in.,  although 
the  load-slip  curves  show  that  a  maximum  point  was  reached  at  an  end 
slip  of  about  0.01  in.     Some  of  these  bars  were  pulled  put  as  much  a§ 
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2  or  3  in.  before  reaching  their  highest  resistance.  The  apparent  bond 
stress  at  these  large  amounts  of  slip  was  very  high,  but  of  course  such 
stresses'  and  slips  can  not  be  developed  in  a  structure,  and  are  entirely 
meaningless  under  a  rational  interpretation  of  the  tests.  However, 
values  obtained  in  this  way  have  been  commonly  reported  as  the  bond 
resistance  of  twisted  square  bars,  and  such  tests  have  been  generally 
used  as  the  basis  for  the  bond  resistance  of  such  bars. 

The  load-slip  curves  for  twisted  square  bars  are  quite  similar  to 
those  for  polished  bars  with  wedging  taper  given  in  Fig.  18.  A  little 
consideration  will  show  the  reason  for  this  similarity  and  will  also 
reveal  important  differences  between  the  two  cases.  A  longitudinal  sec- 
tion of  a  twisted  square  bar  presents  an  outline  which  consists  of  a 
series  of  equal  arcs  as  shown  in  Fig.  26.  The  length  of  the  radius  and 
of  the  arcs  will  depend  upon  the  amount  of  twist.  The  twisted  bar  is 
essentially  a  combination  of  a  wedging  taper  and  a  non-wedging  taper. 
As  the  bar  begins  to  slip  through  the  concrete  the  wedging  tapers  are 
drawn  more  firmly  against  the  concrete,  while  at  the  same  time  the 
non-wedging  tapers  are  separated  from  the  concrete  with  which  they 
were  originally  in  contact.  This  separation  of  about  one-half  of  the 
surface  of  the  bar  from  its  original  contact  is  one  important  difference 
between  the  action  of  the  twisted  bar  and  that  of  the  bar  with  wedging 
taper.  Of  course  the  separation  of  the  surface  of  the  twisted  bars  does 
not  occur  at  once,  on  account  of  the  curvature  of  the  surfaces,  and  it 
may  not  be  expected  to  occur  as  suddenly  as  with  the  polished  bars  on 
account  of  the  difference  in  the  texture  of  the  surfaces.  The  load-slip 
curves  for  the  twisted  bars  seem  to  indicate  that  this  separation  becomes 
pronounced  at  an  end  slip  of  about  0.01  in.,  which  is  about  the  slip  at 
which  plain  bars  have  been  found  to  reach  their  maximum  bond  resist- 
ance. The  gradual  drop  in  the  curves  suggests  that  the  loss  in  bond 
resistance  resulting  from  the  separation  of  the  non-wedging  tapers  and 
the  continued  sliding  of  the  flatter  portions  of  the  longitudinal  section 
have  more  influence  in  reducing  the  average  bond  resistance  than  the 
increased  bearing  of  the  wedging  tapers  against  the  concrete  has  in 
increasing  the  bond  resistance.  Continued  slip  of  the  bar  finally  allows 
the  bond  resistance  due  to  the  wedging  action  to  rise  and  all  further 
resistance  must  be  due  to  this  cause.  It  is  evident  that  this  action  must 
produce  a  large  twisting  moment  in  the  bar  as  well  as  a  high  splitting 
stress  in  the  block.  In  the  tests  in  which  the  bars  were  withdrawn, 
say  y2  in.  or  more,  this  tendency  to  untwist  was  quite  pronounced.    This 
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was  shown  in  two  ways:  first,  the  cavity  left  in  the  top  of  the  concrete 
block  by  the  withdrawal  of  the  bar  presented  the  same  spiral  surfaces 
which  were  formed  by  the  bar  in  its  original  position,  the  bar  having 
to  untwist  somewhat  during  the  movement;  second,  upon  releasing  the 
load  at  the  completion  of  the  test  the  blocks  gave  a  sudden  lurch  in  the 
direction  of  the  twist  in  the  bar.  It  should  be  borne  in  mind  that  this 
tendency  to  untwist  was  not  pronounced  until  the  bar  had  been  with- 
drawn y2  in.  or  more,  and  that  it  had  no  effect  at  the  loads  given  in  the 
table,  and  may  not  be  expected  to  have  any  influence  at  working  stresses. 

On  the  basis  used  in  comparing  deformed  bars  (the  bond  resistance 
at  a  slip  of  0.001  in.,  as  compared  with  the  resistance  of  plain  round 
bars)  the  rating  of  the  %-in.  twisted  square  bars  is  111%  and  the  1-in. 
bars  88%.  At  a  slip  of  0.01  in.,  which  represents  the  first  maximum 
in  the  load-slip  curves  for  the  twisted  square  bars,  the  bond  stress  for 
the  1-in.  bars  is  313  lb.  per  sq.  in.,  or  80%  of  the  value  for  plain  rounds 
at  the  same  slip.  The  bond  stress  on  these  bars  at  a  slip  of  0.1  in.  is 
93%  of  the  maximum  bond  resistance  for  plain  rounds. 

It  has  been  frequently  stated  that  cold  twisting  is  effective  in  rais- 
ing the  yield  point  of  the  bar  by  over-stressing  a  portion  of  the  metal, 
and  at  the  same  time  it  furnishes  a  very  severe  test  on  the  quality  of 
the  steel  itself.  However,  it  has  been  shown  by  tests  that  the  elastic 
limit  has  been  raised  on  only  a  portion  of  the  section  (the  outside)  and 
that  for  stresses  above  the  original  yield  point  the  modulus  of  elasticity 
of  the  whole  section  is  considerably  smaller  than  the  normal  value  for 
steel  within  the  elastic  limit.  In  other  words,  for  stresses  above  the 
original  yield  point  the  metal  in  the  interior  of  the  section  will  be 
stressed  beyond  its  elastic  limit,  and  the  rate  of  change  in  tensile 
deformations  in  the  bar  as  a  whole  will  be  larger  than  at  the  Lower 
stresses. 

The  tests  here  recorded  show  conclusively  that  the  bond  resistanee 
of  twisted  square  bars  is  inferior  in  characteristics  to  that  of  plain  round 
bars  of  similar  surface,  and  that  these  bars  have  little  or  no  advantage 
in  bond  resistance  within  limits  of  slip  which  would  be  useful  in  struc- 
tures. It  Beema  Btrange  that  the  twisted  bar  has  gained  such  a  wide 
popularity  as  a  reinforcing  material. 

42.  Elements  of  the  'Bond  Resistance  of  Deformed  Bars. — In  Art. 
31  and  39  the  general  phenomena  of  the  tests  of  deformed  bars  were 
described.  It  seem-  desirable  now  to  consider  the  secondary  stresses 
which  are  developed  in  the  concrete  by  deformed  bars  of  the  usual  kind 
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and  to  learn  the  causes  of  the  variations  in  the  bond  resistance  of  bars 
of  different  types.  Such  a  study  will  indicate  certain  limitations  of 
the  deformed  bar  and  furnish  suggestions  for  the  rational  design  of  a 
bar  which  may  be  expected  to  give  the  best  results. 

We  have  seen  that  the  projections  do  not  become  effective  in  taking 
bond  stress  until  the  bar  has  slipped  an  appreciable  amount,  and  that 
during  the  later  stages  of  the  tests  bond  resistance  is  due  principally 
to  the  bearing  stress  developed  between  the  projections  and  the  concrete 
in  front  of  them.  The  pull-out  tests  showed  that  high  bursting  stresses 
were  developed  in  the  concrete  blocks  by  the  components  of  this  bearing 
stress  normal  to  the  axis  of  the  bar.  This  bursting  action  would  be  very 
destructive  in  a  smaller  mass  of  concrete  which  is  under  no  restraint. 
This  makes  it  apparent  that  if  the  bearing  area  of  the  projections  is  to 
be  most  effective  in  taking  bond  stress  and  least  destructive  in  causing 
bursting,  the  planes  of  the  bearing  faces  of  the  projections  should  be 
as  nearly  as  possible  at  90°  to  the  longitudinal  axis  of  the  bar.  The 
low  bond  resistance  of  the  twisted  square  bar  and  certain  deformed  bars 
is  due  to  the  small  angle  which  the  so-called  bearing  faces  make  with 
the  axis  of  the  bar.  In  many  of  these  tests  the  entire  excess  of  bond 
resistance  over  that  of  plain  bars  was  due  to  the  restraint  offered  by 
the  concrete  block. 

Having  determined  that  the  bearing  faces  should  be  as  nearly  per- 
pendicular to  the  axis  of  the  bar  as  practicable,  the  projections  should 
be  of  such  height  and  number  that  the  proper  relation  between  bearing 
stress  on  the  concrete  and  shearing  stress  over  the  enveloping  surface 
of  concrete  will  be  preserved.  The  ultimate  bearing  strength  of  con- 
crete has  not  been  studied,  but  these  deformed-bar  tests  and  the  tests  on 
anchored  bars  described  in  Art.  51  indicate  that  small  areas  which  are 
restrained  by  a  larger  mass  of  concrete  may  be  expected  to  carry  a  very 
high  stress  in  bearing.  These  tests  show  that  the  concrete  momentarily 
supported  a  bearing  stress  of  from  8000  to  14  000  lb.  per  sq.  in.  Under 
these  conditions  the  concrete  was  probably  reduced  to  a  powder  as  it 
yielded  slowly  under  the  stress. 

The  shearing  value  of  concrete  under  these  conditions  has  not  been 
determined,  but  these  deformed-bar  tests  show  that  it  is  higher  than 
has  commonly  been  assumed,  and  certain  tests  reported  in  Illinois 
Engineering  Experiment  Station  Bulletin  No.  8  indicate  that  it  is  nearly 
as  great  as  the  compressive  strength.  It  may  be  noted  that  the  values 
for  the  highest  bond  resistance  given  in  Tables  14  and  15  were  not  the 
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ultimate  values  of  the  bond  resistance  and  that  the  shearing  stresses 
finally  developed  over  the  surrounding  concrete  were  larger  than  the 
values  for  bond  stress  which  are  given  in  the  tables.  However,  the  tests 
with  threaded  bars  were  the  only  ones  in  which  failure  occurred  by 
shear  in  the  concrete.  In  the  threaded  bars  the  bearing  area  was  so 
large  that  the  bearing  stress  was  not  great  enough  to  produce  an 
appreciable  deformation  in  the  concrete  ahead  of  the  threads  and  the 
elongation  of  the  bar  caused  a  piecemeal  shearing  of  the  concrete  at  an 
apparent  stress  much  lower  than  was  developed  in  the  other  tests.  These 
considerations  indicate  that  while  high  values  of  bearing  and  shearing 
stresses  may  be  developed  in  such  tests,  the  shearing  resistance  of  the 
concrete  will  probably  prove  to  be  the  limiting  factor.  The  action  of 
the  threaded  bars  suggests  that  it  is  not  desirable  to  keep  the  bearing 
stress  too  low  in  comparison  with  the  shearing  stress,  since  a  slight 
yielding  of  the  concrete  due  to  a  higher  bearing  stress  will  give  a  more 
uniform  distribution  of  shearing  stress  and  thus  reduce  the  tendency  to 
fail  by  shear.  Practically  all  experiments  in  reinforced  concrete  in 
which  the  ultimate  shearing  stress  was  developed  have  emphasized  the 
desirability  of  avoiding  failures  of  this  kind. 

In  order  to  study  the  bearing  stresses  developed  in  some  of  the 
deformed-bar  tests,  the  values  have  been  worked  out  for  certain  bars 
as  shown  in  Table  15.  The  corrugated  bars  have  been  used  since  with 
the  different  types  of  bar  they  are  instructive  in  making  comparisons 
of  bearing  pressures,  sliding  resistance,  and  shear.  For  obvious  reasons 
the  lug  bars  and  some  other  types  could  not  be  used  in  such  a  com- 
parison. 

It  was  seen  above  that,  in  general,  the  projections  have  little  effect 
previous  to  an  end  slip  of  0.01  in.,  and  at  a  slip  of  0.1  in.  they  may  In- 
considered  to  take  all  the  bond  stress  except  that  taken  by  sliding 
resistance.  If  we  consider  the  sliding  resistance  of  a  deformed  bar  to 
be  the  same  as  for  a  plain  bar  at  the  same  slip,  we  may  calculate  what 
portion  of  the  total  bond  stress  is  being  carried  by  the  projections  at 
this  stage  of  the  test.  It  is  appreciated  that  this  method  may  be  subject 
to  error,  since  the  secondary  stresses  in  the  concrete  may  be  expected 
to  cause  an  increased  sliding  resistance  in  the  deformed  bar,  but  on 
the  other  hand,  this  increase  is  probably  largely  counteracted  by  the 
bursting  stresses  developed  in  the  concrete  block.  The  sliding  resist- 
ance of  the  plain  bars  in  this  series  at  an  end  slip  of  0.1  in.  was  250 
lb.  per  sq.  in.     If  we  use  90%  of  this  value,  on  account  of  the  area  lost 
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by  slip  of  bar,  we  may  say  that  about  225  lb.  per  sq.  in.  of  the  highest 
bond  stress  of  deformed  bars  was  due  to  sliding  resistance.  The  column 
in  Table  15  headed  "Bond  Stress  Carried  by  Projections  at  the  Maxi- 
mum Load  Considered"  shows  the  values  obtained  by  subtracting  225 
lb.  per  sq.  in.  from  the  bond  stresses  at  an  end  slip  of  0.1  in.  for  the 

TABLE  15. 
Bearing  Stresses  Developed  by  Deformed  Bars. 

Stresses  are  given  in  pounds  per  square  inch. 
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bars  shown.  The  bearing  area  of  the  projections  per  unit  of  area  of 
the  entire  surface  of  the  bar  is  shown  in  the  fifth  column  of  the  table. 
The  areas  given  are  the  areas  of  the  normal  projections  of  the  bearing 
faces,  without  any  reference  to  the  angle  at  which  they  are  placed.  It 
will  be  seen  that  there  is  a  wide  variation  in  the  ratio  of  the  bearing 
area  to  the  area  of  the  surface  of  the  bar.    This  value  is  about  11%  in 
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the  type  A  bars,  6%  in  the  type  B  bars  and  2  to  5%  in  the  type  C  bars; 
for  the  threaded  bars  the  ratio  is  70%.  Considering  that  these  bearing 
areas  take  all  the  stress  in  excess  of  that  carried  by  adhesive  resistance, 
the  bearing  stresses  given  in  the  table  were  computed.  The  bearing 
stresses  for  the  corrugated  bars,  computed  on  this  basis,  vary  from  5800 
to  14  000  lb.  per  sq.  in.  The  bearing  stresses  are  seen  to  be  inversely 
proportional  to  the  bond  stresses  developed  by  these  bars  at  an  end  slip 
of  0.01  in.,  when  the  projections  were  just  beginning  to  take  effect. 
These  considerations  show  that  the  ratio  of  the  normal  projections  of 
the  bearing  areas  to  the  area  of  the  surface  of  the  bar  is  the  proper 
criterion  for  judging  the  bond  resistance  of  a  deformed  bar.  The  bear- 
ing stresses  developed  at  this  stage  of  the  tests  also  show  the  absurdity 
of  seriously  considering  the  values  that  are  usually  reported  as  the  bond 
resistance  of  many  such  bars. 

The  values  in  Table  15  also  give  some  indication  as  to  the  proper 
ratio  of  the  bearing  area  to  the  superficial  area  of  the  bar  in  order  that 
the  best  results  may  be  obtained.  In  order  to  obtain  a  notion  of  the 
bearing  stress  developed  at  ordinary  bond  stresses  the  values  given  in 
the  last  column  of  the  table  have  been  computed  on  the  basis  of  a  bond 
stress  of  100  lb.  per  sq.  in.,  all  of  which  was  considered  to  be  taken  in 
bearing  by  the  projections.  We  may  readily  conclude  that  11%,  as  in 
the  type  A  bars,  and  the  percentages  found  for  the  other  corrugated  bars 
are  all  too  small,  since  the  bearing  stress  is  entirely  too  high;  70%,  as 
in  the  threaded  bars,  is  too  high  since  the  bearing  stress  is  absurdly 
low  and  failure  came  by  piecemeal  shearing.  The  proper  value  lies 
between  11%  and  70%;  it  seems  probable  that  values  of,  say,  20% 
to  25%  would  give  satisfactory  results.  Of  course,  a  satisfactory  value 
could  readily  be  determined  experimentally.  With  a  ratio  of  20%  the 
bearing  stress  would  be  about  four  times  the  shearing  stress  over  the 
enveloping  surface  if  we  disregard  the  sliding  resistance;  considering 
sliding  resistance,  the  bearing  stress  would  be  about  three  times  the 
shearing  stress,  which  appear  to  be  suitable  values.  A  bar  with  projec- 
tions extending  around  the  circumference,  practically  perpendicular  to 
the  axis  and  having  a  height  of,  say,  1/10  of  the  diameter  of  the  bar 
and  spaced,  say,  V12  the  diameter  apart,  would  answer  the  requirements 
mentioned  above.  The  spacing  now  ordinarily  used  would  require  so 
high  a  projection  in  order  to  secure  the  desired  bearing  area  that  the 
height  would  interfere  with  the  practical  requirements  of  manufacture 
and  it  would  not  give  a  good  distribution  of  stress  along  the  bar.     A 
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comparatively  close  spacing  would  give  the  necessary  bearing  area  with 
the  use  of  a  minimum  amount  of  metal.  Advocates  of  deformed  bars 
would  do  well  to  realize  that  a  certain  amount  of  metal  must  be  sacri- 
ficed to  the  projections  in  a  bar  of  proper  design  and  to  recognize  the 
fact  that  if  high  bond  resistance  is  desired,  it  must  be  paid  for  in  much 
the  same  way  as  is  done  in  dealing  with  tensile  stress. 

e.     Effect  of  Age  and  Mix. 

43.  Preliminary. — To  determine  the  effect  of  age  and  mix,  several 
series  of  pull-out  tests  were  made,  using  %-in.  plain  round  bars  and 
%-in.  corrugated  square  bars  (type  B),  at  ages  varying  from  2  days  to 
15  months  and  3%  years,  with  the  following  mixes :  1-4-8,  1-3-6,  1-2-4, 
l-iy2-3  and  1-1-2.  These  tests  are  summarized  in  Table  16.  All  the 
bars  were  embedded  8  in.  in  8-in.  cylinders  of  concrete;  they  were  all 
stored  under  the  same  conditions  and  tested  in  the  same  manner.  All 
specimens  tested  after  4  days  were  stored  in  damp  sand  upon  the  removal 
of  the  forms;  but  the  storage  sand  was  allowed  to  dry  out  after  about 
2  years.  The  blocks  with  corrugated  bars  were  reinforced  against  burst- 
ing by  means  of  a  spiral  consisting  of  6  or  7  turns  of  y^-in.  round  wire. 
Generally  the  specimens  were  tested  in  sets  of  5  at  each  age.  The 
specimens'  of  each  mix  were  made  from  two  batches  of  concrete,  dis- 
tributed as  follows :  two  specimens  with  plain  rounds  and  three  of  corru- 
gated squares  for  each  age  were  made  from  the  first  batch  and  the 
remainder  from  the  second  batch.  In  the  case  of  the  l-l%-3  group  a 
part  of  the  tests  with  plain  round  bars  was  duplicated.  The  numbers 
of  the  batches  used  are  given  in  the  table;  for  further  information  re- 
garding the  concrete  reference  may  be  made  to  Table  4. 

The  "Highest  Bond  Stress  Considered"  for  the  corrugated  bars 
is  based  on  the  stress  at  an  end  slip  of  0.1  in.,  if  a  maximum  had  not 
been  reached  at  a  smaller  slip.  In  only  a  few  cases  was  the  maximum 
load  reached  before  a  slip  of  0.1  in.  had  occurred. 

The  values  given  in  Table  16  are  the  averages  for  the  number  of 
tests  noted.  For  convenience  of  reference,  the  values  from  the  com- 
pression tests  of  6-in.  cubes  for  each  mix  have  been  included.  As  a  ready 
method  of  comparing  the  effect  of  age  on  each  mix,  the  percentage  of  the 
bond  stress  for  the  several  ages  at  an  end  slip  of  0.01  in.  to  the  bond 
stress  for  the  same  slip  at  age  of  about  60  days  is  given  in  the  table. 
It  will  be  seen  that  it  would  not  make  any  material  difference  in  the 
percentages  given  if  the  bond  stresses  developed  at  another  slip  or  at  the 
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maximum  load  were  used  as  the  basis  of  these  values.  Two  groups  of 
tests  were  made  on  mixes  of  the  forms  1-2-ra  and  l-n-2n,  where  m 
varied  from  0  to  8  and  n  from  1  to  5.  The  tests  were  made  with  %-in. 
plain  rounds  embedded  8  in.  in  8-in.  cylinders. 
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Fig.  27.     Effect  of  Age  and  Mix  on  Bond  Resistance  of  Plain  Round  Bars. 


44.  Effect  of  Age  on  Bond  Resistance. — Fig.  27  shows  the  bond 
stresses  developed  in  the  pull-out  tests  with  %-in.  plain  round  bars 
with  the  different  mixes  of  concrete  at  ages  up  to  6  months,  at  an  end 
slip  of  0.0005  in.  and  at  the  maximum.  Load-slip  curves  for  the  1-2-4 
concrete  at  the  various  ages  using  plain  bars  are  given  in  Fig.  28  and 
for  the  corrugated  bars  in  Fig.  30.  The  load-slip  curves  for  other 
mixes  are  omitted,  but  the  values  plotted  for  the  1-2-4  mix  may  be  con- 
sidered representative  of  the  effect  of  age  in  the  entire  series. 

The  tests  at  early  ages  gave  surprisingly  high  values.  In  the  1-2-4 
concrete  tests  with  plain  bars  a1  '2  days,  slip  did  not  become  appre- 
ciable until  a  bond  Btresfi  of  75  lb.  per  sq.  in.  was  developed.  The  maxi- 
mum bond  resistance  at   this  age  was   123  lb.  per  sq.  in — 2*'",'    of  the 
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maximum  at  60  days.  At  4  days  slip  became  appreciable  at  97  lb. 
per  sq.  in.;  maximum  bond  resistance  153  lb.  per  sq.  in. — 34%  of  the 
maximum  at  60  days.  The  rate  of  growth  of  bond  resistance  was  great- 
est from  2  to  7  days  of  age;  for  the  older  tests  the  rate  of  growth  grad- 
ually became  less.     From  4  days  to  28  days  the  growth  in  bond  resist- 


Fig.  28.    Load-slip  Curves  for  Plain  Round  Bars  Embedded  in  1-2-4  Concrete. 

ance  for  the  various  amounts  of  slip  is  nearly  proportional  to  the  age, 
as  shown  by  the  straight  lines  in  Fig.  27  and  29 ;  for  28  days  to  6  months 
the  growth  in  resistance  is  again  proportional  to  the  age.  The  rate  of 
growth  of  bond  resistance  at  early  ages  will  probably  depend  largely  on 
the  quality  of  the  cement  used. 

At  60  days  slipping  began  in  the  1-2-4  concrete  at  a  bond  stress 
of  332  lb.  per  sq.  in.;  the  maximum  bond  stress  at  this  age  was  452  lb. 
per  sq.  in.  These  values  correspond  closely  to  those  found  for  1-2-4 
concrete  in  the  tests  reported  in  University  of  Illinois  Engineering  Ex- 
periment Station  Bulletin  No.  8.    The  bond  stresses  developed  are  about 
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the  same  as  found  in  the  1912  beam  and  pull-out  tests  for  1-2-4  con- 
crete with  1-in.  plain  round  bars.  The  bond  stresses  at  a  slip  of  0.001 
in.  for  ages  120  days,  6  mo.  and  17  mo.  are  129%,  168%  and  220%, 
respectively,  as  compared  to  that  at  age  of  60  days.  It  seems  probable 
that  the  bond  resistance  for  small  slips,  such  as  0.001  in.,  for  concrete 
of  the  kind  used  in  these  tests  may  be  expected  ultimately  to  reach  a 
value  as  much  as  twice  that  developed  at  60  days. 

For  mixes  leaner  and  richer  than  1-2-4  the  relation  between  the 
bond  resistance  developed  and  slip  of  bar  for  the  plain  round  bars  is 
much  the  same  as  that  found  with  the  1-2-4  concrete.  The  maximum 
bond  resistance  for  the  plain  bars  was  found  at  a  slip  of  about  0.01  in. 
and  the  bond  stress  at  larger  slips  drops  off  in  a  manner  similar  to  that 
shown  in  Fig.  28.  In  all  cases  the  bond  resistance  for  a  given  end  slip 
increased  with  age,  except  for  certain  irregularities  at  the  older  ages. 
The  values  in  Table  16  will  enable  the  reader  to  make  a  further  study 
of  these  tests'. 

The  tests  on  %-in.  corrugated  squares  formed  a  group  parallel  to 
those  with  %-in.  plain  rounds  discussed  above.  The  load-slip  curves 
for  the  1-2-4  concrete  are  given  in  Fig.  29.  The  load-age  curves  for 
all  the  mixes  used  are  given  in  Fig.  30.  During  the  interval  between  2 
days  and  7  days  the  bond  resistance  of  the  1-2-4  concrete  increased 
about  100%.  From  7  days  to  6  mo.  there  is  a  nearly  uniform  increase 
in  bond  resistance  with  age.  During  this  interval  the  rate  of  growth  in 
bond  resistance  is  about  110  lb.  per  sq.  in.  per  month,  for  the  beginning 
of  slip,  and  175  lb.  per  sq.  in.  per  month  at  the  maximum.  The  values 
for  the  1-2-4  concrete  at  180  days  seem  abnormally  high  as  compared 
with  those  at  earlier  and  later  ages  and  as  compared  with  the  other 
mixes.  For  the  smaller  amounts  of  slip  at  ages  under  6  days  the  bond 
resistance  developed  by  the  corrugated  bars  is  not  materially  different 
from  that  found  in  the  tests  of  plain  round  bars.  For  an  end  slip  of 
0.001  in.  in  the  tests  at  2  to  28  days,  inclusive,  the  corrugated  bars  aver- 
age 8%  higher  than  the  plain  rounds;  for  ages  of  60  days  and  over  the 
average  is  about  25%  higher.  As  the  specimens  were  made  from  the 
same  concrete  at  the  same  time,  the  results  give  comparative  values 
for  the  two  forms  of  bar.  Absolute  values  will  vary,  of  course,  with  the 
concrete  used.  At  an  end  slip  of  0.01  in.,  corresponding  to  the  maximum 
bond  resistance  of  the  plain  round  bars,  the  corrugated  bars  developed 
from  10%  to  25%  more  bond  resistance  than  the  plain  rounds. 
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With  1-4-8  concrete,  for  the  smaller  amounts  of  slip,  the  corrugated 
squares  give  lower  values  than  the  plain  rounds  for  all  ages  under  15 
months.  This  is  true  for  slips  up  to  and  including  0.001  in.,  and  in 
case  of  the  2  and  28  day  tests  the  values  for  corrugated  bars  were  lower 
until  a  slip  of  nearly  0.01  in.  was  produced,  a  slip  corresponding  to  the 
maximum  bond  resistance  of  the  plain  rounds.  The  bond  resistance  for 
the  15-month  tests  is  about  twice  that  of  the  60-day  tests. 

TABLE  17. 
Comparative  Values  for  Bond  on  Plain  Round  Bars. 

Compiled  from  the  pull-out  tests  with  %-in.  plain  rounds  given  in  Table  16. 
The  values  in  each  of  the  two  principal  divisions  of  the  table  are  given  as  percentages 
of  the  corresponding  value  for  the  60-day  tests  with  1-2-4  concrete. 


Age  at  Test 


2  days 

4  days 

7  days 

14  days 

28  days 

60  days 

4  mo 

6  mo 

13  to  17  mo.. 

2to3Hyrs 


1-4-8 


At  End  Slip  of  0.001  in. 


1-3-6 


12 
31 

36 
63 
110 

92 


1-2-4 


100 
129 


220 
204 


1-1 M-3 


126 
135 
148 

241 
222 


1-1-2 


43 

56 

82 
110 
132 

181 


At  Maximum  Bond  Resistance 


1-4- 


1-3- 


12 

17 
37 

53 
69 
119 

83 


1-2-4 


100 
134 
163 


1-1 H-3 


35 
51 

67 

121 
123 

148 


198 


1-1-2 


31 

44 
55 

87 
118 
148 

177 


With  1-3-6  concrete,  the  values  of  bond  resistance  for  the  corru- 
gated bars  at  a  slip  of  0.001  in.  average  about  25%  higher  than  for  the 
plain  rounds  at  the  same  slip. 

With  l-l%-3  concrete  at  ages  32  days  and  less  the  corrugated 
bars  must  slip  0.05  in.  or  more  to  develop  the  same  bond  unit  stress 
as  is  developed  by  the  corresponding  plain  rounds  at  a  slip  of  about 
0.01'  in.  For  the  62-day  and  older  tests  slip  began  at  about  the  same 
unit  stresses  in  the  two  forms  of  bars. 

The  relative  values  of  bond  resistance  of  plain  bars  for  the  dif- 
ferent ages  and  mixes  at  an  end  slip  of  0.001  in.  and  at  the  maximum 
are  given  in  Table  17. 
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45.  Effect  of  Mix  on  Bond  Resistance. — In  Table  16  the  com- 
parative values  of  bond  resistance  at  a  slip  of  0.001  in.  and  at  the  maxi- 
mum for  %-in.  plain  round  bars  and  %-in.  corrugated  square  bars  are 
given  for  five  mixes  of  concrete.  In  computing  the  proportional  num- 
bers in  each  of  the  two  divisions  of  the  table,  the  bond  resistance  for 
1-2-4  concrete  tested  at  60  days  has  been  taken  as  100%.  At  2  days 
and  7  days  the  leaner  mixes  show  bond  resistances  relatively  lower  than 
the  richer  mixes.  This  is  probably  due  to  the  slower  hardening  of  the 
leaner  mixes.  The  relative  strength  at  ages  of  15  months  and  over  are- 
about  the  same  for  the  leaner  as  for  the  richer  mixes.  It  will  be  noted 
that  for  all  the  tests  on  plain  rounds  the  bond  resistance  at  a  slip  of  0.1 
in.  is  about  the  same  as  that  causing  beginning  of  slip. 

Load-slip  curves  for  plain  bars  embedded  in  concrete  of  different 
mixes,  tested  at  about  60  days  are  shown  in  Fig.  31.  The  effect  of  mix 
will  be  further  considered  in  the  following  articles. 

46.  Mixes  of  the  Form  1-2-m. — This  group  included  pull-out  tests 
with  eight  mixes  of  the  form  1-2-m,  where  m  varied  from  0  to  8;  in 
other  words  the  concrete  consisted  of  a  1-2  mortar  with  varying  quan- 
tities' of  coarse  aggregate,  %-in.  plain  round  bars  were  used.  The 
values  from  the  tests  are  given  in  Table  18.  Load-slip  curves  are  plotted 
in  the  upper  portion  of  Fig.  31.  The  relation  of  bond  resistance  to  the 
per  cent  of  cement  in  the  mix  is  shown  in  the  upper  portion  of  Fig.  32. 
The  percentage  of  cement  is  expressed  in  terms  of  the  total  weight  of 
the  aggregates  in  the  batch.  The  values  for  1-2-3  concrete  seem  erratic. 
If  these  values  be  disregarded,  as  indicated  by  the  dotted  lines  in  the 
figure,  the  adjacent  points  line  up  with  the  others.  The  maximum 
bond  resistance  varied  from  341  lb.  per  sq.  in.  for  the  1-2-8  concrete  to 
757  lb.  per  sq.  in.  for  the  1-2-1  mix.  We  may  say  then  that  bond 
resistance  in  mixes  of  this  kind  increases  roughly  with  the  amount  of 
cement  used  up  to  about  32%  of  cement.  This  relation  does  not  hold 
when  we  omit  the  coarse  aggregate,  as  was  done  in  the  1-2-0  mix. 

47.  Mixes  of  the  Form  l-n-2n. — The  results  of  these  tests  are 
given  in  Table  18.  The  lines  in  the  lower  portion  of  Fig.  32  show  the 
relation  of  bond  resistance  to  per  cent  of  cement  used  in  the  batch  for 
various  amounts  of  blip.  While  the  1-5-10  concrete  gives  very  low  values, 
it  is  seen  that  the  bond  resist  mice  increases  sensibly  as  a  direct  func- 
tion of  the  amount  of  cement  from  the  1-5-10  to  the  l-l%-3  concrete, 
or  from  about  6%  to  20%  of  cement  by  weight.  The  values  for  the 
1-1-2  mix  do  not  differ  much  from  the  l-l^-S  mix.     It  may  be  that 
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Fig.  31.    Load-slip  Curves  for  Plain  Round  Bars. 
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the  values  for  the  1-1^-3  concrete  are  abnormally  high  and  those  foT 
1-1-2  concrete  somewhat  low.  The  cube  tests  show  a  consistent  relation 
for  these  mixes.  However,  it  is  evident  that  the  general  slope  of  these 
lines  must  decrease  at  the  higher  percentages,  for  it  would  be  incon- 
ceivable for  the  bond  resistance  to  continue  to  increase  at  the  rate  of,  say, 
100  lb.  per  sq.  in.  for  each  5%  of  cement  as  it  does  for  the  interval 
between  5%  and  20%  in  the  figure.  A  comparison  of  the  broken  lines  in 
the  two  diagrams  of  Fig.  32  shows  that  for  the  smaller  percentages  of 
cement  the  mixes  of  the  form  1-2-ra  give  somewhat  higher  bond  resist- 
ances than  those  of  the  form  l-n-2n;  but  as  the  percentage  of  cement 
is  increased   (up  to  about  25%),  the  mixes  of  the  latter  form  show  a 

TABLE  18. 
Effect  of  Varying  Quantity  of  Cement  and  Mortar. 

3%-in.  plain  round  bars;  embedment  8  in. 
Hand-mixed  concrete;  stored  in  damp  sand. 
Stresses  are  given  in  pounds  per  square  inch. 


Mix 


Batch 
No. 


Per 

cent 
of 
Ce- 
ment* 


Age 

at 

Teat 

days 


Number 

of 
Teste 


Bond  Stress 
at  an  End  Slip  of 


0.0005  in.    0.001  in. 


Maxi- 
mum 
Bond 
Resist- 
ance 


Test,  of  fVin. 
Cubes 


Number 

of 

Teste 


Compres- 
sive 
Strength 


Mixes  of  Form  1-2-m. 


1-2-0 

29 

41.6 

72 

10 

435 

452 

472 

1-2-1 

18 

31.1 

60 

5 

525 

584 

757 

3 

2870 

1-2-2 

8 

25.0 

60 

5 

401 

464 

639 

6 

2696 

1-2-3 

15 

23.8 

61 

5 

284 

306 

367 

3 

1733 

1-2-4° 

1,  12,  24 

16.3 

65 

10 

304 

333 

418 

12 

1847 

1-2-5 

16 

14.0 

61 

5 

278 

309 

393 

3 

1685 

1-2-6 

28 

11.1 

65 

5 

277 

307 

355 

3 

1108 

1-2-8 

32 

9.7 

73 

5 

244 

260 

341 

3 

1240 

Mixes  of  Form  1-n- 

2n. 

1-1-2° 

6,  20,  23 

30.5 

61 

10 

389 

433 

569 

12 

3653 

l-l,H-3° 

2,  13,33 

20.1 

62 

15 

425 

454 

521 

6 

2874 

1-2-4° 

1,  12,  24 

16.3 

65 

10 

304 

333 

418 

12 

1847 

1-2.  H-5 

14 

12.7 

61 

5 

218 

230 

352 

3 

1555 

1-3-6° 

5,  19,38 

10.1 

62 

10 

200 

217 

287 

9 

1372 

1-4-8° 

7.21,26 

7.4 

60 

9 

144 

160 

242 

12 

1102 

1-5-10 

9 

5.9 

60 

5 

40 

49 

87 

6 

533 

+  The  per  cent  of  cement  is  the  ratio  of  the  weight  of  the  cement  to  the  combined 
weights  of  the  sand  and  stone. 

°  These  sets  of  tests  result  from  combining  the  60-day  tests  in  Table  16  with 
Additional  sets  of  5  specimens  each  from  separate  batches. 
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Fig.  32.     Bond  Resistance  for  Different  Mixes. 


94 


ILLINOIS  ENGINEERING   EXPERIMENT  STATION 


more  rapid  increase.  The  load-slip  curves  given  in  Fig.  31  show  the 
values  of  bond  resistance  as  slipping  of  the  bar  progresses.  The  simi- 
larity of  the  curves  will  be  noted.  The  values  are  the  same  as  those 
in  the  group  of  curves  given  in  the  lower  portion  of  Fig.  6. 

48.  Relation  of  Bond  Resistance  to  the  Compressive  Strength  of 
Concrete. — In  Fig.  33  bond  stresses  corresponding  to  an  end  slip  of 
bar  of  0.0005  in.  have  been  plotted  as  ordinates  and  the  compressive 
strength  of  the  corresponding  6-in.  cubes  have  been  plotted  as  abscissas. 
In  Fig.  34  the  maximum  bond  resistances  have  been  used  as  ordinates. 
These  figures  include  all  sets  of  tests  in  Tables  12,  16  and  18,  for  which 
both  values  are  given.  The  figures  include  tests  at  ages  of  2  days  to 
over  2!/2  years  and  from  mixes  of  1-5-10  to  1-1-2,  and  specimens  stored 
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Fig.  33.    Relation  of  Bond  Stress  at  End  Slip  of  0.0005  in.  to  the  Compressive 
Strength  of  6-in.  Concrete  Cubes. 

under  several  different  conditions.  The  pull-out  tests  were  made  with 
%-in.  or  l-in.  plain  rounds  embedded  8  in.  Each  point  represents  the 
average  of  from  3  to  10  pull-out  tests  and  3  to  12  cube  tests.  With  a 
few  exceptions  the  points  fall  within  the  regions  defined  by  the  dotted 
lines  drawn  upward  and  to  the  right  from  the  origin.  The  heavy  mean 
lines  have  been  constructed  in  such  a  way  that  approximately  one-half 
the  points  lie  above  and  one-half  below  the  lines.  These  figures  show 
that  end  slip  began  in  test  specimens  of  this  form  at  a  bond  stress  per 
unit  of  area  equal  to  1/6  of  the  compressive  strength  of  6-in.  cubes  from 
the  same  concrete,  and  the  maximum  bond  resistance  is  equal  to  about 
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14  of  the  compressive  strength  of  6-in.  cubes.     The  individual  sets  of 
tests  show  a  variation  of  about  30%  each  way  from  the  mean  values. 

49.  Effect  of  Age  on  the  Compressive  Strength  of  Concrete. — 
The  results  of  the  tests  on  6-in.  concrete  cubes  made  from  the  same  con- 
crete as  the  pull-out  specimens  are  given  in  Table  16.  These  values 
have  been  plotted  in  Fig.  35.  It  will  be  seen  that  the  curves  for  cube 
strength  follow  about  the  same  courses  as  the  corresponding  curves  for 
the  pull-out  tests  with  plain  bars  given  in  Fig.  27.  The  cube  strength  at 
2  days  is  from  13%  to  36%  of  the  60-day  strength,— average  21%.    The 
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Strength  of  6-in.  Concrete  Cubes. 

tests  made  at  ages  of  2  to  Sy2  years  gave  values  which  vary  from  142% 
to  241%  of  the  corresponding  values  at  60  days;  the  average  for  5 
mixes  (no  tests  for  1-3-6)  is  193%.  The  lowest  value  of  this  ratio  is 
given  by  the  1-1-2  concrete  and  the  highest  by  the  1-4-8  mix.  This  in- 
dicates only  that  the  concretes'  rich  in  cement  harden  more  rapidly 
and  consequently  obtain  a  higher  proportion  of  their  ultimate  compres- 
sive strength  at  60  days  than  do  the  leaner  mixes.  We  may  conclude, 
then,  that,  in  general,  concrete  made  and  stored  under  the  conditions 
present  in  these  tests  may  be  expected  to  finally  develop  a  compressive 
strength  about  twice  that  at  60  days. 
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TABLE  19. 
Effect  of  Anchoring  Ends  of  Bars. 

Embedment  8  in.    1-2-4  concrete  from  Batches  31,  34  and  37. 
All  specimens  with  curved  or  bent  bars  were  reinforced  against  splitting  by  means 
of  a  J^-in.  wire  spiral.    See  Fig.  36. 

The  average  compressive  strength  of  6-in.  cubes  was  2240  lb.  per  sq.  in. 
Stresses  are  given  in  pounds  per  square  inch. 


of  Round  Bar  and  Manner 
of  Anchoring 


Number 

of 
Tests 


Age 

at  Test 

days 


Bond  Stress  at  End 
Slip  of 


0.0005  in.       0.001  in 


Maximum 
Bond 
Resist- 


J^-in.,  no  anchorage 

1-in.,  no  anchorage 

£i-in.,  anchored  with  nut  only 

£i-in.,  anchored  with  nuts  and  2^-in.  cut 
washer 

%-in.,  \i  circumference  of  3-in.  circle 

5i-in.,  Yi  circumference  of  3-in.  circle  — 

%-in.,  45°  bend,  2  in.  long 

M,-va..,  90°  bend,  2  in.  long 

^-in.  135°  bend,  2  in.  long 

$i-in.,  180*  bend,  2  in.  long 

1-in.,  \i  circumference  of  3-in.  circle 

1-in.,  H  circumference  of  3-in.  circle 

1-in.,  45*  bend,  2  in.  long 

1-in.,  90°  bend,  2  in.  long 

1-in.,  135°  bend,  2  in.  long 

1-in..  180"  bend,  2  in.  long 


290 
324 
292 

320 


367 
370 
339 

373 


5 

69 

5 

71 

5 

70 

5 

69 

5 

69 

5 

69 

5 

62 

5 

62 

5 

62 

5 

62 

5 

62 

5 

62 

Values  for  slip  of  bar 
could  not  be  determined, 
since  the  curved  or  bent ' 
portions  of  the  bars  were 
entirely  embedded  in  the 
concrete. 


454 
478 
925 

1020 

736 
607 
829 
747 
672 
894 

858 
653 

776 


1005 


*  The  values  for  maximum  bond  resistance  for  the  curved  and  bent  bars  were  com- 
puted by  dividing  the  total  load  by  the  superficial  area  of  the  part  of  the  bar  embedded 
in  the  concrete,  without  making  allowance  for  the  load  taken  in  direct  bearing. 
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/.     Effect  of  Anchoring  Ends  of  Bars. 

50.  Preliminary. — Many  designers  have  sought  to  increase  bond 
resistance  by  anchoring  the  ends  of  the  reinforcing  bars  in  beams  and 
other  members.  Hooks  or  bends  at  the  ends  of  the  bars  are  anchorages 
commonly  employed;  nuts  with  washers'  or  bearing  plates  are  also  used. 
It  seemed  desirable  to  supplement  the  information  gained  as  to  the  load- 
slip  relation  in  other  pull-out  tests  with  tests  in  which  the  bars  were 
anchored  at  the  ends.  The  results  of  these  tests  are  given  in  Table  19. 
Four  methods  of  anchorage  were  used.     The  forms  of  these  specimens 


£  Torn. 
/£  "Pad/us 


%>  Turn, 


mm 


4S*6erxf  90'6end  /ss'Sencf  /do' Send 

Fig.  36.    Forms  of  Pull-out  Specimens  with  Anchored  Bars. 

are  shown  in  Fig.  36.  All  specimens  with  curved  or  bent  bars  were 
reinforced  against  splitting  by  means  of  a  ^-in.  wire  spiral ;  the  blocks 
for  the  specimens  with  bars  anchored  by  means  of  nuts  and  washers  were 
not  reinforced  against  splitting.  For  comparison,  tests  were  made  from 
the  same  concrete  using  %  an-d  1-in.  plain  round  bars  without  anchorage. 

51.  Bars  Anchored  with  Nuts  and  Washer. — One  set  of  tests  was 
made  using  %-in.  plain  round  bars  having  their  free  ends  anchored  by 
means  of  a  standard  hexagonal  nut,  and  another  set  with  ends  anchored 
by  means  of  nuts  and  heavy  cut  washers  2%  in-  outside  diameter.  The 
load-slip  curves  for  these  tests  and  for  the  tests  on  plain  bars  without 
anchorage  have  been  plotted  to  the  same  scale  in  Fig.  37.  The  bond 
stresses  for  the  anchored  bars  were  computed  on  the  basis  of  the  em- 
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bedded  area  of  bar  in  the  usual  way.  It  was  found  that  the  bars  anchored 
in  this  way  gave  high  values  of  bond,  but  only  after  a  considerable  end 
slip  had  occurred.  For  the  bars  anchored  with  nuts  only,  slipping  began 
at  the  same  bond  stress  as  in  the  unanchored  bars,  and  the  load-slip 
curves  show  that  there  was  no  appreciable  difference  in  their  action  until 
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after  an  end  slip  of  about  0.005  in.  At  an  end  slip  of  0.01  in.,  corres- 
ponding to  the  maximum  bond  resistance  for  the  bars  without  anchor- 
age, the  bars  with  nuts  only  showed  a  slight  gain  in  bond  resistance. 
Beyond  this  point  the  anchorage  was  more  effective  and  the  apparent 
bond  stress  finally  reached  925  lb.  per  sq.  in.  al  an  end  slip  of  0.1  in.;  the 
specimens  failed  by  Bplitting  of  the  blocks  at  a  somewhat  higher  stress. 
The  high  bearing  stress  which  was  carried  by  the  concrete  under  the 
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nuts  was  a  noteworthy  feature  of  these  tests,  and  indicates  that  enormous 
pressures  may  be  transmitted  by  concrete  under  such  restraint.  If  we 
consider  that  the  anchored  bar  was  developing  a  sliding  resistance  of 
325  lb.  per  sq.  in.,  as  in  the  tests  of  bars  without  anchorage,  we  must 
conclude  that  the  remaining  stress  was  being  taken  by  bearing  on  the 
concrete  under  the  nut.  As  shown  in  the  figure,  this  bearing  stress  must 
account  for  a  bond  stress  of  600  lb.  per  sq.  in.  over  the  entire  em- 
bedded area,  or  a  total  stress  of  11  300  lb.  This  stress  was  taken  in  bear- 
ing by  an  area  of  about  0.87  sq.  in.,  equivalent  to  a  bearing  stress  of 
13  000  lb.  per  sq.  in. 

The  bars  anchored  with  nuts  and  washers  gave  values  much  the  same 
as  the  bars  without  anchorage  up  to  an  end  slip  of  about  0.001  in.  After 
this  point  the  bond  resistance  increased  more  rapidly  than  in  the  case 
of  bars  anchored  with  nuts  only.  These  specimens  also  failed  by  split- 
ting the  concrete  blocks. 

52.  Bars  Anchored  by  Means  of  Hooks  and  Bends. — Two  groups 
of  tests  were  made  with  bars  anchored  by  means  of  hooks  and  bends, 
as  shown  in  Table  19.  One  group  consisted  of  %  and  1-in.  plain  rounds 
having  the  free  end  bent  to  the  form  of  %  or  y2  the  circumference  of 
a  circle  3  in.  in  diameter.  The  other  group  was  anchored  by  means  of 
2-in.  lengths  of  bar  bent  at  angles  of  45°,  90°,  135°  and  180°  with  the 
projected  axis  of  the  bar.  The  forms  of  these  specimens  are  shown  in 
Fig.  36.  The  specimens  were  reinforced  against  splitting  by  means  of 
a  spiral  of  V^-in.  wire  as  in  the  tests  with  deformed  bars.  In  these  tests, 
values  for  slip  of  bar  could  not  be  determined,  since  the  curved  or 
bent  portions  of  the  bars  were  entirely  embedded  in  the  concrete.  The 
values  for  maximum  bond  resistance  were  computed  by  dividing  the 
total  load  on  the  bar  by  the  superficial  area  of  the  length  of  bar  em- 
bedded in  the  concrete,  without  making  any  allowance  for  the  load 
taken  in  direct  bearing.  The  maximum  bond  resistance  computed  in 
this  way  varied  from  about  600  to  1000  lb.  per  sq.  in.  The  bars  an- 
chored with  x/4  circumference  gave  higher  resistance  than  those  with 
y2  circumferences  for  both  sizes  of  bar.  This  is  probably  due  to  the 
fact  that  in  the  latter  tests  a  larger  embedded  area  was  used  in  com- 
puting the  unit  stresses,  and  indicates  that  the  added  length  of  the 
hook  does  not  have  a  proportional  effect  in  resisting  a  load  tending  to 
withdraw  the  bar.  As  may  have  been  expected,  the  bars  with  %  cir- 
cumference anchorage  gave  results  almost  identical  with  those  of  the 
bars  with  45°   bends.     The  %-in.  bars  with  different  angles  of  bend 
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did  not  give  very  consistent  results,  but  in  the  tests  with  1-in.  bars  the 
values  increase  with  the  angle,  being  greatest  for  the  180°  bend.  The 
high  resistance  found  for  the  bars  with  180°  bend  is  doubtless  due  to 
direct  bearing  of  the  end  of  the  bar  against  the  concrete. 

53.  Discussion  of  Tests  with  Anchored  Bars. — The  tests  with 
bars  anchored  with  nuts  and  washers  show  that  movement  of  the  bar 
begins  at  the  same  load  as  in  tests  with  bars  without  anchorage.  As  was 
pointed  out  in  the  discussion  of  tests  with  deformed  bars  these  tests 
show  that  a  small  movement  of  the  bar  was  necessary  to  bring  the  com- 
paratively large  area  of  the  2y2-m.  washer  to  a  bearing  and  the  useful- 
ness due  to  the  adhesion  and  sliding  resistance  of  the  bar  itself  has  been 
largely  destroyed.  Tests  of  reinforced  concrete  beams  made  at  the 
University  of  Illinois  (not  reported  in  this  bulletin)  in  which  the  longi- 
tudinal reinforcing  bars  were  anchored  at  their  ends  by  means  of  nuts 
and  bearing  plates,  show  that  this  form  of  anchorage  has  little  effect 
in  increasing  the  resistance  of  beams  to  web  failure.  It  will  be  seen 
later  that  in  tests  of  simple  reinforced  concrete  beams  without  web 
reinforcement,  web  failures  may  be  expected  to  follow  immediately  after 
the  appearance  of  a  very  small  amount  of  end  slip  in  the  longitudinal 
reinforcement. 

In  a  certain  sense  the  designers  of  anchorages  of  this  kind  have 
attempted  to  accomplish  the  impossible,  since  it  is  generally  assumed 
that  in  this  way  slip  of  bar  is  entirely  prevented,  whereas  a  certain 
amount  of  slip  is  essential  to  bring  such  an  anchorage  into  action.  How- 
ever, end  anchorage  of  this  form  may  be  effective  in  preventing  total 
collapse  or  as  a  safeguard  against  defective  workmanship  which  results 
in  inferior  bond  resistance,  but  it  may  not  be  expected  to  be  effective 
under  ordinary  working  conditions,  since  under  working  loads  stresses 
which  cause  a  general  movement  of  the  bar  are  not  permissible.  The 
amount  of  movement  necessary  to  bring  this  form  of  anchorage  into 
action  can  be  minimized  by  proper  design  of  the  details.  The  use  of 
washers  or  bearing  plates  of  ample  area  and  stiffness  which  are  rigidly 
attached  to  the  reinforcing  bar  will  accomplish  much  in  increasing  the 
usefulness  of  this  form  of  anchorage. 

It  should  be  pointed  out  that  the  remarks  above  are  not  intended 
to  apply  to  the  form  of  anchorage  used  in  certain  buildings,  in  which 
the  longitudinal  beam  reinforcement  is  anchored  to  the  structural  mem- 
bers of  the  supporting  columns  by  means  of  nuts  and  bearing  plates 
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and  subjected  to  a  tensile  stress  before  the  concrete  is  placed.  In  this 
case  the  beam  has  certain  advanatages  in  addition  to  those  arising  from 
beam  action. 

It  is  impossible  to  interpret  the  tests  with  bars  anchored  by  means 
of  hooks  and  bends  in  a  way  that  will  indicate  the  true  value  of  this 
form  of  anchorage.  In  all  the  tests  except  those  with  180°  bend,  evi- 
dence of  the  straightening-out  of  the  bars  was  observed  at  loads  from 
70%  to  90%  of  the  maximum.  Although  the  blocks  were  reinforced 
against  splitting,  the  concrete  of  many  of  the  specimens  was  badly  shat- 
tered at  the  maximum  load.  It  is  apparent  that  very  high  bearing  and 
bursting  stresses  were  produced  in  the  concrete.  The  ill  effects  of 
these  stresses  can  be  reduced  by  the  use  of  circular  bends  of  longer 
radii  than  those  employed  in  these  tests. 

g.    Miscellaneous  Tests. 

54.  Preliminary. — During  the  season  of  1912  numerous  pull-out 
tests  were  made  which  are  of  interest  in  indicating  the  influence  of 
methods  of  loading  which  are  different  from  that  used  in  the  tests  de- 
scribed above  and  which  indicate  the  effect  of  varying  other  details  in 
the  method  of  making  and  testing  the  specimens.  These  include  the 
effect  on  bond  resistance  of  different  positions  of  the  bar  during  mold- 
ing, effect  of  distribution  of  load  over  lower  face  of  block,  effect  of 
method  of  applying  load  in  pull-out  tests,  double  pull-out  tests,  repeated 
loads  on  pull-out  specimens,  effect  of  pressure  during  setting  on  bond 
resistance  and  on  the  compressive  strength  and  the  effect  of  loads  re- 
applied after  failure  in  bond  and  in  compression.  The  results  of  these 
tests  are  given  in  Tables  20  to  24,  inclusive. 

55.  Repeated  Load  on  Pull-out  Specimens. — We  have  seen  in  the 
foregoing  discussion  that  it  was  desirable  to  use  the  bond  resistance 
developed  at  a  small  amount  of  slip  as  the  basis  of  comparison.  This 
made  it  desirable  to  determine  the  effect  of  reapplying  the  load  which 
caused  first  slip  of  the  bar.  Three  tests  of  this  kind  were  made  on 
pull-out  specimens.  In  Art.  90  similar  tests  on  reinforced  concrete 
beams  are  referred  to.  Fig.  38  gives  the  load-slip  relation  for  a  %-in. 
plain  round  bar  embedded  in  1-2-4  concrete.  Load  was  applied  until 
a  slip  of  0.001  in.  was  produced  at  the  free  end  of  the  bar.  It  will  be 
seen  that  slipping  continues  after  this  point  during  the  time  of  releas- 
ing the  load.     At  the  next  application  the  load  was  increased  a  small 
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Fig.  38.    Load-slip  Curve  for  Repeated  Loads  on  Pull-out  Specimen. 
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Fig.  39.     Load-slip  Curves  for  Repeated  Loads  on  Pull-out  Specimens. 
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amount  and  slipping  continued  under  constant  load.  The  figure  shows 
the  subsequent  action.  The  stress  at  a  slip  of  0.001  in.  was  83%  of 
the  maximum  bond  resistance  developed. 

Fig.  39  shows  the  load-slip  curves  for  two  tests  under  repeated  loads. 
The  specimens  were  made  from  the  same  batch  of  concrete.  In  these 
tests  the  load  was  repeated  which  produced  the  smallest  measurable 
amount  of  slip;  about  0.0001  in.  In  the  test  of  the  %-in.  round  bar 
time  intervals  between  loads  are  given  in  minutes  unless  otherwise 
noted.     The  slight  recovery  of  slip  upon  release  of  load  in  the  corru- 

TABLE  20. 

Miscellaneous  Pull-out  Tests. 


l-in.  plain  rounds.     1-2-4  machine-mixed  concrete. 
EmbedmeDt  8  in.  unless  otherwise  noted. 
Stresses  are  given  in  pounds  per  square  inch. 


Age  80  days. 


Ref. 
No. 

Number 

of 

Tests 

Characteristics 

Unit  Bond  Stress 
at  End  Slip  of 

Maximum 
Bond 
Resist- 

0.0005 in. 

0.001  in. 

ance 

1  17 

5 
6 

5 
3 
4 

4 

4 

4 

4 
2 

4 

4 
2 
2 

280 

304 
315 
240 
245 

278 

234 

191 
143 

218 

304 

330 
336 
268 
267 

315 

248 

159 

250 

364 

21 

Bearing  over  ring  1  in.  wide  as  shown  in 
Fig.  40 

370 

28 

385 

45 

Base  plate  adhering  to  block 

318 

49 

Blocks  directly  on  rubber  cushion 

295 

53 

Blocks  cast  with  long  end  of  bar  upward 
(Fig.  1  (c)  ) 

372 

57 

Blocks  cast  with  bars  horizontal  and  free  to 

288 

61 

Blocks  cast  with  bars  horizontal  and  held 

211 

33  36 
67,68 

Specimens  of  form  shown  in  Fig.  41. . . 

Specimens  of  form  shown  in  Fig.  42,  embed- 

229 
295 

37* 

Double  pull-out  specimens  with  plain  bars 

179 

37* 
41* 

Second  test  on  bars  which  did  not  pull  out 

in  first  test 

Double  pull-out  specimen  with  cold-rolled 

268 
79 

41* 

Second  test  on  bars  which  did  not  pull  out 
in  first  test 

90 

*  The  load  was  applied  to  these  specimens  through  nuts  at  the  free  ends  of  the  bars 
Measurements  of  slip  of  bar  were  not  taken.  In  each  specimen  of  this  form,  failure  in 
the  first  test  was  due  to  the  pulling  out  of  the  bar  which  was  embedded  in  the  top  por- 
tion of  the  specimen  as  it  was  molded.  In  the  first  tests  the  concrete  blocks  were  sub- 
jected to  a  tensile  stress.  In  making  the  second  tests  the  specimens  were  set  in  the  ma- 
chine in  the  usual  way  for  pull-out  tests,  and  load  applied  to  the  bars  which  remained 
intact  after  the  first  tests. 
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gated  bar  test  is  noteworthy;  there  is  no  indication  of  such  elastic  re- 
covery in  the  plain  bar  tests.  These  tests  show  that  the  repetition  of  the 
load  which  produces  first  slip  of  bar  will  cause  a  continued  slipping,  and 
if  repeated  a  sufficient  number  of  times  would  probably  produce  a  slip- 
ping sufficient  to  endanger  a  structure.  Not  enough  data  are  available 
upon  which  to  base  conclusions  as  to  the  values  of  the  bond  stress  which 
may  be  indefinitely  repeated  without  producing  failure. 
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Fig.  40.     Load-slip  Curves  for  Miscellaneous  Pull-out  Specimens. 


56.  Effect  of  Distribution  of  Load  on  Face  of  Concrete  Block. — 
In  Table  20  the  results  of  tests  which  were  made  to  study  the  effect  on 
the  bond  resistance  of  a  wide  variation  in  the  distribution  of  the  load 
over  the  lower  face  of  the  concrete  block  in  pull-out  tests  are  given.  It 
makes  little  difference  whether  the  load  is  distributed  uniformly  over 
the  entire  base  of  the  block  or  concentrated  over  an  annular  ring  cover- 
ing only  the  outer  or  the  inner  portion  of  the  block.  Whether  the  block 
rests  directly  on  a  rubber  cushion  or  adheres  to  the  base  plate,  has  little 
effect  on  the  bond  resistance.  The  load-slip  curves  for  these  tests  are 
given  in  Fig.  40. 

57.  Effect  of  Position  of  Bar  During  Molding. — In  Table  20  the 
results  of  tests'  on  pull-out  specimens  which  were  molded  with  the  bars 
in  different  positions  arc  given.  In  one  set  of  tests  the  bar  was  sup- 
ported by  the  form  in  such  a  way  that  settlement  with  the  concrete  was 
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prevented.  Specimens  were  also  made  in  which  the  long  end  of  the  bar 
was  upward  as  the  specimen  was  molded.  Load-slip  curves  are  given 
in  Fig.  40.  These  tests  show  the  effect  of  the  settlement  and  shrinkage 
of  concrete  during  the  setting  and  hardening.  For  plain  rounds  it 
makes  no  difference  whether  the  concrete  settles  in  the  same  or  in  the 
opposite  direction  to  that  of  the  withdrawal  of  the  bar.  The  effect  on 
deformed  bars  is  discussed  in  Art.  64.  The  specimens  molded  in  a  hori- 
zontal position  gave  distinctly  lower  bond  resistances  than  those  with 
bars  vertical;  and  if  the  settlement  of  the  bar  with  the  concrete  was  en- 
tirely prevented,  sliding  resistance  was  very  low  and  the  maximum  bond 
resistance  was  reduced  to  about  60%  of  that  found  for  pull-out  speci- 
mens from  the  same  batch  made  with  the  bars  in  a  vertical  position. 
This  shows  one  disadvantage  of  fixing  the  horizontal  bars  too  rigidly 
in  place  before  placing  the  concrete  in  a  reinforced  concrete  member. 

58.  Effect  of  Method  of  Applying  Load  in  Pull-out  Tests. — Speci- 
mens of  the  form  shown  in  Fig.  41  were  made  in  order  that  measure- 
ments might  be  made  on  slip  of  bar  at  the  point  where  the  bar  enters  the 
concrete  block,  as  well  as  at  the  free  end.  The  load-slip  curves  for 
points  A  and  B  show  this  relation.  Slipping  begins  at  B  at  an  average 
bond  stress  of  about  70  lb.  per  sq.  in.  on  the  bar  and  reaches  0.001  in. 
at  this  point  at  an  average  stress  of  136  lb.  per  sq.  in.  Slip  at  B 
reaches'  about  0.001  in.  before  slipping  becomes  appreciable  at  A.  As 
may  have  been  predicted,  the  curves  indicate  that  slipping  becomes 
general  as  soon  as  movement  begins  at  A,  and  thereafter  there  is  a  nearly 
constant  difference  in  the  amount  of  slip  measured  at  A  and  B.  Part 
of  the  movement  at  A  which,  in  the  above  statement,  has  been  assumed 
to  be  slip  at  early  loads,  may  be  due  largely  to  deformation  in  the 
lower  face  of  the  block. 

Specimens  of  the  form  shown  in  Fig.  42  were  made  in  order  to 
measure  the  slip  at  several  points  along  the  embedded  length.  Meas- 
urements were  made  at  points  A  to  E  at  intervals  of  3  in.  It  was  de- 
sired to  reproduce  in  a  pull-out  specimen  the  conditions  of  bond  stress 
that  exist  near  the  end  of  a  reinforced  concrete  beam,  but  the  conditions 
in  a  beam  were  only  imperfectly  reproduced.  The  curves  arrange  them- 
selves in  two  distinct  groups.  D  and  E  show  slipping  to  begin  at  a 
low  bond  stress;  a  much  higher  stress  is  required  to  produce  slip  at  C. 
These  specimens  were  made  with  the  bar  in  a  horizontal  position ;  it  was 
seen  above  that  this  has  the  effect  of  giving  a  lower  bond  resistance  than 
was  found  in  specimens  molded  with  the  bar  vertical. 
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Fig.  41.    Load-slip  Curves  for  Specimens  of  the  Form   Shown. 


Results  of  double  pull-out  tests  of  the  form  shown  in  Fig.  1  (d) 
with  ordinary  round  and  cold-rolled  bars  are  given  in  Table  20.  Each 
bar  was  embedded  8  in.  in  a  16-in.  cylinder  of  concrete.  The  maximum 
bond  resistance  in  the  double  pull-out  tests  on  ordinary  bars  was  179 
lb.  per  sq.  in.,  as  compared  with  375  for  the  usual  pull-out  specimens. 
It  is  of  interest  to  note  that  in  all  the  double  pull-out  tests  the  bar 
which  was  embedded  in  the  upper  portion  of  the  cylinder  was  the  one 
to  pull  out  in  the  first  test.  The  bar  which  did  not  pull  out  in  the  first 
test  was  later  pulled  out  by  supporting  the  block  in  the  testing  machine 
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in  the  usual  way  for  pull-out  tests.  The  higher  bond  resistance  given  by 
the  lower  bar  may  be  due  in  a  measure  to  the  concrete  being  protected 
against  drying-out,  as  well  as  to  the  influence  of  the  slight  pressure  under 
which  setting  occurred.  The  difference  between  the  values  for  the  first 
and  second  tests  may  be  expected  to  show  the  influence  of  the  different 
conditions  of  loading,  but  the  entire  difference  in  bond  resistance  cannot 
be  attributed  to  this  cause,  since  the  bar  with  the  lower  bond  resistance 
would  be  the  one  to  pull  out  in  the  first  test. 
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Fig.  42.    Load-slip  Curves  for  Specimens  of  the  Form   Shown. 


59.  Autogenous  Healing  in  Concrete. — The  term  "autogenous 
healing"  may  be  applied  to  an  interesting  group  of  phenomena  which 
were  brought  out  in  the  tests  on  pull-out  specimens  loaded  one  or  more 
times  after  having  been  previously  tested  to  their  maximum  resistance, 
and  in  the  compression  tests  on  concrete  cylinders  which  had  been  loaded 
to  failure  at  an  earlier  age.  These  tests  were  suggested  by  certain  ob- 
servations made  by  the  writer  during  the  summer  of  1911,  while  con- 


108  ILLINOIS   ENGINEERING    EXPERIMENT    STATION 

ducting  a  load  test  on  a  40-ft.  through  girder  reinforced  concrete  bridge 
for  the  Illinois  Highway  Commission.*     This  test  bridge  was  built  by 
convict  labor  in  December,  1907,  inside  the  prison  yard  at  the  Southern 
Illinois  Penitentiary  near  Chester,  under  the  direction  of  Mr.  A.   N. 
Johnson,  State  Highway  Engineer.    In  May,  1908,  a  test  load  amounting 
to  106  tons  was  placed  on  the  bridge  floor  and  removed.     This  load  was 
sufficient  to  cause  numerous  diagonal  tension  cracks  in  the  web  near  the 
ends   of   the   girders.     These   cracks  were   very  minute   and   were   not 
observed  until  subsequent  weathering  brought  them  out.     Before  begin- 
ning the  1911  test  all  such  cracks  were  carefully  mapped,  and  the  girders 
whitewashed.     At  this  time  crushed  stone  and  pig  iron  were  piled  on 
the  bridge  floor  and  on  the  girders  sufficient  to  give  a  live  load  of  309 
tons  on  one  girder.     During  the  progress  of  the  loading,  some  of  the 
original  cracks  re-opened  at  loads  much  higher  than  that  applied  in  the 
first  test.    Many  of  the  original  cracks,  however,  did  not  le-open  under 
the  final  load,  although  new  cracks  sometimes  formed  in  the  immediate 
vicinity.    The  bridge  was  about  four  months  old  when  first  loaded,  but 
it  is  probable  that  the  concrete  strength  was  not  greater  than  would 
have  been  found  at,  say,  two  months,  under  more  favorable  tempera- 
ture conditions.    The  behavior  of  the  girders  could  be  partially  accounted 
for  in  the  increased  strength  and  stiffness  of  the  concrete  acquired  during 
a  period  of  more  than  three  years  since  the  first  test;  but  this  would 
scarcely  account  for  the  concrete  of  the  girders  being  able  to  develop, 
without  re-opening  some  of  the  cracks,  a  diagonal  stress  which  was  equiv- 
alent to  about  6  times  the  stress  which  originally  caused  them.     The 
only   reasonable   explanation   was   that   the   fractured    surfaces    of   the 
concrete  at  the  cracks  had  "knit"  together  and  entirely  healed  during 
the  interval  between  the  tests,  giving  a  joint  which  was  in  many  in- 
stances stronger  than  the  unbroken  concrete.     The  tests  described   in 
the  following  articles  on  the  effect  of  loads  reapplied  after  failure  in 
bond  and  compression  were  planned  to  throw  further  light  on  this  sub- 
ject.   The  phenomena  discussed  in  Art.  60  and  63  are  only  other  mani- 
festations of  the  effect  of  retarded  or   interrupted  hydraulicitv,   which 
have  frequently  been  observed  in  tests  on  concrete  setting  under  low  tem- 
peratures, retempered  concrete,  cement  reground  after  setting,  etc. 

60.     Effect  of  Loads  Reapplied  after  Failure  of  Bond. — Tests  were 
made  on  63  pull-out  specimens  to  determine  the  effect  of  reapplying 


•"Test  of  a  40-ft.  Reinforced  Concrete  Highway  Bridge,*1  by  P.  A.  Abrams.     Proceedings 
of  fhe  American   Societj    \o\   Testiftg   Materials,   en:;. 
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loads  to  specimens  which  had  been  tested  to  failure  some  time  before  the 
retest  was  made.  Both  plain  and  cold-rolled  round  bars  were  used.  The 
specimens  were  stored  under  various  conditions.  See  Table  21.  Some 
of  these  specimens  have  been  loaded  as  many  as  five  times,  and  the 
tests  will  be  continued. 

The  load-slip  curves  for  two  of  the  groups  of  tests  in  Table  21  are 
given  in  Fig.  43  and  44.  The  numbers  in  parentheses  adjacent  to  the 
curves  correspond  to  the  number  given  to  the  tests  in  the  table  and  indi- 
cate the  order  of  loading.  All  specimens  in  a  group  were  made  from 
the  same  batch  of  concrete. 

Group  (a)  was  a  preliminary  series.  At  the  age  of  5  days  part  of 
the  bars  were  pulled  out  0.001  in.  at  the  free  end  and  the  remainder  to 
the  maximum  load,  which  came  at  an  end  slip  of  about  0.01  in.  Some  of 
the  specimens  were  then  stored  in  water  and  some  in  air.  In  the  sub- 
sequent tests  on  these  specimens  all  bars  were  pulled  out  0.1  in. 

It  makes  little  difference  in  the  subsequent  tests  whether  the  bars 
are  pulled  out  0.001  in.  or  0.01  in.  at  the  first  test;  in  fact  those  pulled 
to  0.01  in.  gave  somewhat  higher  values  in  the  second  tests.  With  one 
exception  (No.  3)  the  specimens  stored  in  water  during  the  interval 
between  the  first  and  second  tests  show  considerably  higher  values  than 
those  stored  in  air.  For  all  the  specimens  in  this  group  the  maximum 
bond  resistances  for  the  third  test  average  24%  greater  than  those  for 
the  second  tests  made  4  or  5  months  earlier  when  the  concrete  was  1  or 
2  months  old.  The  fourth  tests,  after  another  interval  of  4  months, 
when  the  concrete  was  10  months  old  and  the  bars  had  previously  been 
pulled  out  over  0.2  in.  gave  maximum  bond  resistances  which  average 
the  same  as  the  second  test  at  1  or  2  months — about  290  lb.  per  sq.  in. 
It  is  interesting  to  note  that  the  period  of  1  or  2  months  in  air  follow- 
ing the  first  tests  had  the  effect  of  temporarily  retarding  the  increase  of 
bond  resistance  which  was  largely  overcome  by  the  subsequent  period 
of  water  storage. 

Group  (b)  consisted  of  two  parallel  series  of  tests  on  1-in.  plain 
round  bars  stored  in  air  and  in  damp  sand.  In  all  these  tests  the  bars 
were  pulled  to  the  maximum  load,  corresponding  to  an  end  slip  of  about 
0.01  in.  Two  specimens  for  each  condition  of  storage  were  tested  at 
5  days,  30  days,  3  months,  and  1  year.  At  each  test  period,  all  speci- 
mens which  had  been  tested  previously  were  loaded  to  the  maximum 
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TABLE  21. 
Effect  of  Loads  Reapplied  after  Failure  of  Bond. 

Pull-out  tests;  embedment  8  in.  in  an  8-in.  cylinder  of  concrete.     Load-slip  curves  are 
given  in  Fig.  43  and  44.     Stresses  are  given  in  pounds  per  square  inch. 


Ref. 
No. 


No. 

Age 

ot 

at 

Teste 

Test 

Remarks 


Bond  Stress  at  End  Slip  of  (inches) 


0005  .001     .002     .005      .01      .02      .05 


Max. 
Bond 

Reads  t- 


(a)   1-in.  Plain  Rounds;  1-2-4  Hand-mixed  Concrete  (1912), 
Bar  pulled  out  0.1  in.  in  each  test  unless  otherwise  noted. 


5  days 
40  days 

6  mo. 
10  mo. 
21  mo. 

5  days 
72  days 

5  mo. 
10  mo. 
21  mo. 

5  days 
72  days 

5  mo. 
10  mo. 
21  mo. 

5  days 
40  days 

6  mo, 
10  mo 
21  mo, 

5  days 
40  days 

6  mo. 
10  mo 
21  mo 

5  days 
72  days 

5  mo. 
10  mo. 
21  mo. 


(1)  Pulled  to  .001  in 

(2)  Stored  in  air 

)?x  [Stored  in  water  after  second 

8!    « 


(1)  Pulled  to  .001  in 

(2)  Stored  in  air 

)f }  '.Stored  in  water  after  second 
(5)J 


test. 


(1)  Pulled  to  .001  in. 

(2)  Stored  in  water.. 

(3)  Stored  in  water.. 

(4)  Stored  in  water. . 

(5)  Stored  in  water.. 


(1)  Pulled  to  maximum. 

(2)  Stored  in  air 

(3)' 


Stored  in  water  after  second 


test. 


(1)  Pulled  to  maximum. 

(2)  Stored  in  water 

(3)  Stored  in  water 

(4)  Stored  in  water 

(5)  Stored  in  water 


(1)  Pulled  to  maximum. 

(2)  Stored  in  water 

(3)  Stored  in  water 

(4)  Stored  in  water 

(5)  Stored  in  water 


143 
199 
278 
233 

223 


179 
171 
161 
185 

142 
211 
260 
182 
187 

154 
139 
171 
145 
159 

189 
243 
277 
230 
222 

180 
266 
229 
215 


147 
231 

31D 
254 
239 

182 
203 
195 
183 


263 
329 


243 


229 
233 
214 
224 


251 
326 
237 
214 

167 

207 
207 
200 
191 

214 
289 
366 
292 
252 

199 
313 
308 
246 
219 


2-17 

340 


J -lu 
237 
227 
240 


201 
342 
266 

231 

179 

23ii 
238 
235 

211 

220 
307 
398 

320 
272 

214 
33li 
320 
272 
242 


209 
354 
300 

205 


222 
241 
251 


240 

343 
270 
230 


225 
24n 
2  43 
223 

232 
301 

4"4 
330 

2;"' 

2  is 
327 
330 
285 

254 


249 
306 
278 

25u 


206 

241 


230 
295 

201 
23o 


215 
203 
221 
217 


273 
384 
326 
285 


3ov 
3o2 
271 
250 


202 
271 
257 
228 


179 
215 
217 
203 


182 

215 
204 

191 


103 
151 
172 
17',' 


191 
273 


223 

235 
215 
2o7 


(b)  1-in.  Plain  Rounds;  1-2-4  Machine-mixed  Concrete.  (1912). 


113 

2 

2 

2 

2 
2 

2 

2 
2 

5  days 
1  mo. 
3  mo. 

i  yr. 

1  mo. 

3  mo. 

1  yr. 

3  mo. 

i  yr. 
l  yr. 

5  days 
1  mo. 
3  mo. 

i  yr. 

30  days 
3  mo. 

i  yr. 

3  mo. 

i  yr. 
i  yr. 

(1) 

(2)  I 

(3)  1 

(4)  J 

(1)  ] 
(2) 
(3)  , 

(l;  } 

(2)  J 
(1) 

(1) 
(2) 
(3) 
(4) 

(1) 
(2) 
18) 

0) 
(2) 

(1) 

Stored  in  air     1 
Pulled  to  maximum   | 

do. 

do.       | 
do. 

Stored  in  damp  sand  j 
Pulled  to  maximum  i 

do. 

113 
192 
177 
39 

162 
165 
41 

175 
38 

81 

134 

265 
272 
407 

230 
307 
390 

354 
407 

424 

124 

216 

220 

55 

173 

208 
69 

194 
67 

119 

154 

301 
310 
425 

238 
348 
430 

378 
453 

443 

132 

237 

243 

73 

188 
234 
92 

215 
113 

147 

165 
318 
376 
452 

256 
376 
443 

395 
478 

410 

149 

246 

259 

90 

215 
258 
162 

247 

159 

173 

170 

320 
384 

r," 

384 
458 

397 
481 

450 

162 
250 

162 

250 

269 

170 

248 
265 
190 

265 
178 

188 
177 

161 

208 

117 

263 

121 

207 

212 

288 
213 

286 

125 

190 
217 

198 

198 
218 

115 

177 

320 

384 

457 
289 

457 

119 

293 

384 

462 

462 

123 

400 

485 

127 

451 
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TABLE  21— Continued. 


Ref. 

No. 


No. 

Age 

of 

at 

Tests 

Test 

Remarks 


Bond  Stress  at  End  Slip  of  (inches) 


0005 


001 


002 


005 


01 


.02 


.05 


Max. 
Bond 
Resist- 
ance 


(c)   1-in.  Polished  Rounds;  1-2-4  Machine-mixed  Concrete.*  (1912), 


101 

2 

2 

2 
2 

2 
2 

5  days 
1  mo. 
3  mo. 
1  yr. 

1  mo. 
3  mo. 
1  yr. 

3  mo. 

i  yr. 

5  days 
1  mo. 
3  mo. 

i  yr. 

1  mo. 
3  mo. 

i  yr. 

3  mo. 
1  yr. 

(1)  )                                            f 

(2)  1     Stored  in  air 

(3)  |   Pulled  to  maximum 

(4)  J 

(2)  1         do.         | 
,3)  J                  I 

(1)  I        do.         / 

(2)  J                 \ 

(1)  I                  1 

(2)  1   Stored  in  damp  sand    1 

(3)  |   Pulled  to  maximum    | 

(4)  J                   [ 

(1)  )                                              f 

(2)  \                    do.         I 

(3)  I                   1 

(1)  \        do.         / 

(2)  /                  \ 

119 

108 
80 
31 

189 
112 
23 

152 

29 

119 
151 
158 
210 

148 
147 
178 

212 
133 

119 

111 
91 

32 

111 

95 

32 

105 

192 

120 

23 

23 

109 

152 

33 

47 

103 

122 

168 

170 

164 

210 

107 

157 

157 

147 

178 

111 

224 

224 

133 

(d)  1-in  Plain  Rounds  from  1912  Beam  Series;  1-2-4  Hand-mixed  Concrete. 
Bar  pulled  out  0.1  in  each  test. 


(1)  Stored  in  air 

(2)) 

(3)  ^Stored  in  water  after  first  test' 

(4)j 


1054.1 

3 

2  mo. 

7  mo. 
11  mo. 
21  mo. 

1051.1 

3 

2  mo. 

7  mo. 
11  mo. 
21  mo. 

1056.1 

3 

2  mo. 

7  mo. 
11  mo. 
21  mo. 

1055.1 

3 

2  mo. 
7  mo. 

11  mo. 
21  mo. 

1059.1 

3 

2  mo. 
7  mo. 

11  mo. 
21  mo. 

1046.1* 

3 

2  mo. 

7  mo. 
11  mo. 
21  mo. 

Stored  in  air 

Stored  in  water  after  first  test 


Stored  in  air 

Stored  in  water  after  first  test- 


Stored  in  air 

Stored  in  water  after  first  test. 


Stored  in  air  after  second  test 


Stored  in  air , 

Stored  in  water  after  first  test. . 

[Stored  in  air  after  second  testl 


Stored  in  air 

Stored  in  water  after  first  test 


329 

373 

398 

433 

450 

447 

400 

348 

259 

298 

339 

373 

389 

370 

343 

394 

215 

240 

264 

296 

318 

312 

295 

265 

251 

271 

288 

307 

323 

338 

314 

292 

300 

331 

361 

375 

382 

368 

334 

284 

220 

252 

284 

316 

337 

309 

275 

243 

196 

220 

245 

275 

287 

287 

267 

231 

203 

212 

220 

247 

262 

266 

246 

227 

332 

405 

427 

447 

454 

417 

364 

304 

198 

233 

265 

292 

306 

296 

274 

249 

171 

184 

206 

234 

252 

257 

240 

221 

191 

199 

208 

229 

241 

248 

234 

219 

344 

397 

417 

441 

417 

379 

323 

262 

168 

194 

220 

254 

265 

264 

236 

209 

188 

218 

233 

247 

251 

243 

229 

205 

59 

71 

83 

110 

132 

140 

144 

136 

421 

525 

564 

586 

584 

547 

473 

409 

205 

252 

278 

315 

334 

339 

321 

296 

200 

236 

255 

273 

282 

288 

277 

259 

69 

83 

96 

117 

134 

150 

183 

186 

233 

258 

275 

306 

326 

330 

316 

289 

185 

220 

266 

301 

316 

295 

270 

238 

166 

183 

202 

233 

245 

250 

234 

213 

179 

190 

198 

211 

225 

232 

215 

202 

459 
389 
319 
338 


337 
291 
266 

454 

306 
257 
248 

443 
267 

248 
147 

591 
339 

290 
187 

336+ 
316+ 
252* 
232+ 


*  Groups  (b)  and  (c)  were  made  from  the  same  batch  of  concrete.     Compressive 
strength  of  6  6-in.  cubes,  tested  at  3  mo.,  2720  lb.  per  sq.  in. 

°  Compressive  strength  of  18  6-in.  cubes,  tested  at   63  days,  2360  lb.  per  sq.  in. 
+  1-in.  plain  square  bars. 
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again.  Thus,  as  indicated  in  the  table,  some  of  the  specimens  have  been 
loaded  to  their  maximum  as  many  as  four  times.  The  load-slip  curves 
are  given  in  Fig.  43.  The  notable  feature  of  these  tests'  is  that  the 
water-stored  specimens  which  had  been  previously  loaded  to  a  maximum 
once,  twice,  or  three  times,  gave  values  greater  than  or  equal  to  those 
found  in  the  specimens,  which  at  the  same  age,  were  loaded  for  the  first 
time.  The  same  statement  is  true  of  the  air-stored  specimen,  except  that 
all  the  1-year  tests,  both  on  specimens  which  had  been  previously  loaded 
and  those  loaded  for  the  first  time,  gave  lower  values.  The  two  pair? 
of  specimens  tested  at  5  days  gave  nearly  identical  results,  as  may  have 


Fig.  43. 


Slip  of  Bar-  Inches 

Load-slip  Curves  for  Loads  Reapplied  after  Failure  of  Bonp. 


been  expected,  since  the  difference  in  storage  conditions  would  not  affect 
the  relative  strengths  at  that  age.  During  the  interval  between  the  first 
and  second  tests  of  these  specimens  (5th  to  30th  day)  the  relative  in- 
crease in  maximum  bond  resistance  is  about  the  same  for  air  storage  and 
damp  sand  storage — 37%  and  30%;  during  the  interval  between  the 
first  and  second  tests  of  specimens  No.  117  and  119  (1st  to  3rd  month) 
the  increase  was  9%  and  31%,  respectively. 

Group  (c)  was  similar  in  every  way  to  group  (b)  except  that  pol- 
ished bars  were  used.  It  was  thought  that  by  comparing  the  behavior 
of  plain  and  polished  bars  in  these  tests,  additional  information  as  to 
the  components  of  bond  resistance  would  be  obtained.  Generally,  only 
one  observation  on  slip  of  the  end  of  the  polished  bar  within  the  maxi- 
mum load  could  be  obtained.     The  maximum  bond  resistance  came  in 
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.04  .05  .06  .07  .06  j03  JO 

Slip  of  dor-  Inches 


.02  .03 

Fig.  44.     Load-slip  Curves  for  Loads   Reapplied  after  Failure  of  Bond. 
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all  the  tests  at  a  slip  of  about  0.001  in.  The  results  of  these  tests  are 
not  as  consistent  as  those  on  plain  bars,  but  some  interesting  facts  are 
brought  out. 

A  study  of  the  tests  in  groups  (b)  and  (c)  indicates  that  the  bond 
resistance  which  is  developed  before  the  free  end  of  the  bar  of  the  Size 
used  in  these  tests  has  slipped,  say,  0.001  in.  is  due  to  adhesion.  The 
value  of  this  adhesion  is  dependent  on  the  amount  of  moisture  present 
and  the  age  of  the  concrete.  In  the  case  of  the  polishd  bars  the  original 
bond  resistance  was  generally  regained  in  the  specimens  stored  in  damp 
sand,  but  the  increase  with  age  was  small.  The  air-stored  specimens 
show  about  the  same  bond  resistance  as  the  sand-stored  specimens  in  the 
first  tests,  but  upon  reapplication  of  load  there  is  a  material  falling-off 
in  strength.  With  the  round  bars  of  ordinary  surface  the  adhesive  re 
sistance  was  entirely  restored,  except  in  the  1-year  tests  on  air-stored 
specimens.  The  amount  of  increase  in  bond  resistance  apparently  de- 
pends upon  the  presence  of  the  water  necessary  for  the  continuation  of 
the  hydraulic  action  of  the  cement.  The  drying-out  of  a  specimen  after 
a  certain  period  interferes  with  the  phenomenon  here  discussed. 

Group  (d)  included  6  sets  of  pull-out  specimens  from  the  1912 
beam  series.  All  of  these  specimens  were  stored  in  air  up  to  the  time 
of  the  first  test  at  the  age  of  2  months.  In  each  of  the  tests  the  bar 
was  pulled  to  an  end  slip  of  0.1  in.  The  load-slip  curves  are  given  in 
Fig.  44.  These  tests  are  of  interest  in  showing  what  may  be  expected 
when  the  specimens  have  attained  a  considerable  age  before  the  first 
failure  of  bond.  In  no  instance  were  the  values  from  the  second  to 
the  fourth  tests,  as  high  as  found  in  the  first  tests.  The  average  values 
for  all  the  specimens  with  plain  round  bars  (disregarding  minor  varia- 
tions in  storage  conditions)  are  406,  246,  220  and  167  lb.  per  sq.  in.  for 
the  first,  second,  third  and  fourth  tests,  respectively,  at  a  slip  of  0.001 
in.;  and  467,  327,  281  and  237  lb.  per  sq.  in.  for  maximum  bond  resist- 
ance. It  will  be  recognized  that  the  conditions  in  this  group  were  the 
most  adverse  of  any  of  the  groups  in  which  the  load  was  reapplied  after 
failure.  The  bond  resistance  did  not  subsequently  reach  the  amount 
found  in  the  first  tests,  but  it  is  noteworthy  that  even  at  the  fourth 
loading  comparatively  high  values  of  bond  resistance  were  found. 

The  foregoing  tests  are  of  value  in  showing  thai  a  considerable 
displacement  of  the  bar,  and  a  frequent  disturbance  of  the  bond  be- 
tween the  concrete  and  steel,  even  several  days  or  weeks  after  placing 
the   concrete,   does   not   necessarily    produce   permanent    weakness.     If 
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disturbance  occurs  after  a  longer  period  the  final  effect  will  probably 
depend  upon  whether  sufficient  moisture  is  present  in  the  concrete. 
These  results  give  added  confidence  to  the  permanency  of  bond  and 
indicate  that  plain  bars  may  properly  be  used  in  certain  classes  of  work  in 
which  they  have  sometimes  been  considered  unsuitable.  It  should  be 
noted  that  the  specimens  were  unstressed  in  the  interval  between 
loadings. 

61.  Bond  Resistance  of  Concrete  which  Set  under  Pressure. — r 
As  a  means  of  gaining  further  knowledge  as  to  the  nature  of  bond 
resistance,  a  few  tests  were  made  on  specimens  in  which  the  concrete 
was  caused  to  set  under  pressure.  1-in.  plain  rounds,  1-in.  cold-rolled 
rounds  and  l^-in.  corrugated  rounds  were  used.  The  pressures  used 
were  0,  6,  and  100  lb.  per  sq.  in.  The  specimens  were  molded  in  the 
usual  way,  except  that  in  the  specimens  which  set  under  a  pressure  of 
100  lb.  per  sq.  in.  the  long  end  of  the  bar  was  upward.  The  pressure 
was  applied  immediately  after  placing  the  concrete  in  the  form.  A 
circular  plate  with  a  central  hole  which  allowed  the  rod  to  pass  through 
was  placed  inside  the  form  on  the  fresh  concrete.  The  6-lb.  per  sq.  in. 
pressure  was  obtained  by  piling  weights  on  the  cover  plate;  the  100-lb. 
per  sq.  in.  pressure  was  obtained  by  setting  the  form  in  a  pan  on  the 
bed  of  a  testing  machine  and  running  the  head  down  onto  a  nest  of 
springs,  which  transmitted  the  load  to  the  cover  plate.  These  loads 
remained  on  the  specimens  for  5  days.  After  removal  from  the  forms, 
the  specimens  were  stored  in  damp  sand.  The  tests  are  summarized  in 
Table  22.  The  load-slip  curves  are  given  in  Fig.  45.  The  increase  of 
maximum  bond  resistance  and  other  properties  with  the  pressure  under 
which  the  concrete  set  are  shown  in  Fig.  47.  The  maximum  bond  resist- 
ance for  plain  bars  in  concrete  which  set  under  pressures  of  6  and  100 
lb.  per  sq.  in.  are  9%  and  91%  higher,  respectively,  than  the  correspond- 
ing values  for  concrete  setting  under  no  pressure.  In  the  case  of  the 
cold-rolled  rounds,  the  increase  due  to  the  pressure  was  slight.  The  value 
for  6  lb.  per  sq.  in.  pressure  seems  abnormally  high. 

The  corrugated  bars  show  a  large  increase  in  bond  resistance  due 
to  the  pressure.  These  values  cannot  be  compared  directly,  since  some 
of  the  specimens  were  tested  without  removing  the  steel-pipe  forms  in 
which  they  were  made.  However,  the  corrugated  bars  show  an  increase 
in  bond  resistance  of  about  100%  as  compared  with  specimens  tested 
under  similar  conditions  which  had  set  without  pressure.  The  specimens 
which  set  under  a  pressure  of  6  lb.  per  sq.  in.   (No.  91)   show  an  in- 
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crease  of  66%  to  90%  as  compared  with  the  values  for  the  same  amount 
of  slip  in  the  specimens  setting  without  pressure.  The  concrete  blocks 
split  in  these  two  sets  of  tests  at  the  same  slip — 0.02  in.  Specimens  No. 
93  made  and  tested  in  a  steel  form  gave  very  high  values.  No.  89 
shows  the  effect  of  leaving  the  steel  form  in  place  during  the  test  of  a 
specimen  which  set  without  pressure;  No.  95  shows  the  effect  of  casting 
the  specimen  with  the  long  end  of  the  bar  upward.  For  a  discussion  of 
other  tests  with  corrugated  bars  showing  the  effect  of  reinforcing  the 
block  against  bursting,  see  Art.  64. 

TABLE  22. 
Bond  Resistance  of  Concrete  which  Set  under  Pressure. 

1-2-4  concrete,  machine-mixed;  embedment  8  in.     Age  at  test  80  days. 
Stresses  are  given  in  pounds  per  square  inch. 


Ref. 

Num- 

No. 

ber  of 

Testa 

Characteristics 


Bond  Stress  at  End  Slip  of- 

-inchei 

I 

.0005 

.001 

.002 

.005 

.01 

.02 

.05 

.10 

Man- 

mum 
Bond 
Re- 
sist- 
ance 


(a)     1-in.  Plain  Rounds. 


77* 


Without  pressure 

Concrete  set  5  days  under  pres- 
sure of  6  lb.  per  sq.  in 

Concrete  set  5  days  under  pres 
sure  of  100  lb.  per  sq.  in 


273 

302 

328 

345 

351 

350 

320 

290 

221 

256 

288 

332 

363 

378 

351 

297 

387 

457 

546 

634 

671 

673 

570 

477 

353 
378 
674 


(b)     1-in.  Cold-Rolled  Rounds. 


Without  pressure 

Concrete  set  5  days  under  pres- 
sure of  6  lb.  per  sq.  in 

Concrete  set  5  days  under  pres 
sure  of  100  lb.  per  sq.  in  — 


141 
222 
149 

94 

81 

141 
222 
163 


(c)     lH-in.  Corrugated  Rounds. 


85 
87 

2 
2 

2 

2 

2 

4 

Without  pressure.    No  6piral . 
Without     pressure.       Spiral- 
See  Fig.  1  (b) . . . 

234 
244 
347 
380 
682 
408 

248 
279 
404 
413 
937 
508 

258 
314 
420 
458 
1180 
590 

27S 
359 
438 
503 
1417 
687 

312 
412 
516 
617 
1600 
793 

341 
517 
605 
672 
1733 
881 

375 

809 
855 

1115 
1070 

1115 

89 

Without  pressure,  in  steel  pipe 

1070 

91* 

Concrete  set  5  days  under  pres- 
sure of  6  lb.  per  sq.  in 

Concrete  set  5  days  under  pres- 
sure of  100  11).  per  8 ■].  in 

Caet  with  long  end  of  bar  up- 
ward as  in  Fig.  1  (c);  spiral  . 

720 

93* 
95 

1140 

1250 

1960 
1250 

*  Specimens  molded  in  forms  made  of  8-in.  sections  of  8-in.  steel  pipe.     The  forma 
were  cut  off  at  age  of  5  days. 

°  Tested  with  steel  pipe  form  iu  place. 
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62.  Compression  Tests  of  Concrete  which  Set  under  Pressure.— 
In  order  to  make  a  further  study  of  the  effect  of  allowing  concrete  to 
set  under  pressure,  a  series  of  compression  tests  was  made  on  8  by 
16-in.  cylinders.  It  is  believed  that  these  tests  are  of  sufficient  interest 
to  warrant  their  inclusion  in  this  report.     Seventeen  cylinders  were 
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Fig.  45.    Load-slip  Curves  for  Miscellaneous   Pull-out   Specimens. 
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made  from  a  single  batch  of  concrete.  Two  of  these  were  allowed  to 
set  under  normal  conditions;  three  set  under  a  pressure  of  6  lb.  per 
sq.  in. ;  five  set  under  20  lb.  per  sq.  in.  and  five  under  100  lb.  per  sq.  in. 
Some  of  the  specimens  remained  under  pressure  for  1  day,  some  for 
7  days  and  some  during  the  entire  period  of  storage.  Two  specimens 
set  for  seven  days  under  3  lb.  per  sq.  in.,  after  which  they  were  placed 
in  a  testing  machine  and  loaded  at  the  rate  of  100  lb.  per  sq.  in.  per 
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week  until  a  total  load  of  500  lb.  per  sq.  in.  had  been  applied;  this  load 
then  remained  on  the  cylinders  until  they  were  tested  at  the  age  of  80 
days.  The  method  of  applying  the  pressure  during  the  setting  and 
hardening  of  the  concrete  was  similar  to  that  described  in  Art.  61  for 
the  pull-out  specimens. 

Details  of  these  tests  are  given  in  Table  23.  Five  of  the  cylinders 
were  tested  at  7  days;  and  the  remainder  at  age  of  80  days.  The  retest 
of  the  five  cylinders  which  were  originally  tested  to  failure  at  7  days 
will  be  discussed  in  Art.  63. 

Deformations  were  measured  over  a  10-in.  gage  length  by  means  of 
a  wire-wound  instrument  which  was  a  modified  form  of  the  Johnson 
extensometer.  The  weight  of  the  concrete,  the  compressive  strength, 
and  the  initial  modulus  of  elasticity  of  the  cylinders  are  given  in  the 
table.  Typical  stress-deformation  curves  are  given  in  Fig.  46.  The 
variation  in  compressive  strength,  initial  modulus  of  elasticity,  and 
density  with  the  change  in  pressure  are  shown  in  Fig.  47. 

The  first  notable  feature  of  these  tests  is  that  it  makes  little  or 
no  difference  in  the  strength  and  properties  of  the  cylinders,  whether 
the  concrete  remained  under  pressure  for  1,  7  or  77  days.  In  other 
words,  if  the  concrete  takes  its  final  set  and  hardening  begins  under 
pressure  there  is  nothing  to  be  gained  by  continuing  the  pressure  for  a 
longer  period.  For  this  reason  the  values  for  all  the  cylinders  for  each 
pressure  which  were  tested  for  the  first  time  at  an  age  of  80  days 
were  averaged  in  computing  the  percentages  in  Fig.  47.  The  consist- 
ency of  the  values  indicates  that  the  pressure  probably  had  the  effect  of 
producing  an  unusually  homogeneous  concrete  and  justifies  us  in  placing 
confidence  in  the  results  of  the  tests.  The  stress-deformation  curves 
in  the  lower  right  section  of  Fig.  46  show  the  effect  of  different  pres- 
sures on  the  compressive  strength  and  the  modulus  of  elasticity  of 
these  cylinders.  The  compressive  strength  was  increased  from  1840  lb. 
per  sq.  in.  for  no  pressure  to  3140  lb.  per  sq.  in.  for  a  pressure  of  100 
lb.  per  sq.  in. — an  increase  of  73%.  The  compressive  strength  of  the 
8-in.  cylinders  setting  without  pressure  is  91%  of  that  for  6-in.  cubes 
tested  at  the  same  age.  The  curve  in  Fig.  47  indicates  that  over  one-half 
the  increase  occurred  at  pressures  below  20  lb.  per  sq.  in.  It  seems  prob- 
able that  the  strength  of  the  concrete  which  was  subjected  to  a  pressure 
of  100  lb.  per  sq.  in.  was  considerably  reduced  by  the  loss  of  the  water 
whicli  was  forced  out  when  the  pressure  was  first  applied,  owing  to  open- 
ings around  the  cover  plate.     On  account  of  the  danger  of  getting  the 
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TABLE  23. 
Compression  Tests  of  Concrete  which  Set  under  Pressure. 

The  test  pieces  were  cylinders  8  in.  in  diameter,  16  in.  long.  Concrete  1-2-4, 
machine-mixed.  All  specimens  were  made  from  the  same  batch.  The  cylinders  were 
stored  in  damp  sand  after  seven  days  except  those  setting  under  pressure  for  a  longer 
period  and  those  tested  originally  at  age  of  seven  days.  The  cylinders  which  set  under 
pressure  longer  than  seven  days  remained  in  the  forms  until  they  were  prepared  for 
testing;  those  tested  at  seven  days  were  placed  in  water  until  the  time  of  the  second  test. 

The  compressive  strength  of  6  6-in.  cubes  tested  at  77  days  was  2010  lb.  per  sq.  in. 


Weight 

Compress- 

Initial 

Pressure 

Duration 

of 

ive 

Modulus 

Ref. 

Age  at 

During 

of 

Concrete 

Strength 

of 

No. 

Test 

Setting 

Pressure 

lb.  per 

lb.  per 

Elasticity 

days 

lb.  per  sq.  in. 

days 

cu.  ft. 

sq.  in. 

lb.  per  sq.  in. 

501 

7 

0 

0 

142.5 

/  725 
\1850* 

1  500  000  \ 

2  370  000*/ 

501 

80 

0 

0 

502 

80 

0 

0 

1820 

3  100  000 

503 

80 

6 

2220 

3  480  000 

504 

80 

6 

2170 

3  600  000 

505 

80 

6 

77 

U2.5 

2220 

3  820  000 

506 

7 

20 

148.5 

/1240 
\2450* 

2  000  000  \ 

506 

80 

20 

3  800  000*/ 

507 

80 

20 

2350 

3  880  000 

508 

7 

20 

i48.6 

/1087 
\1935* 

2  250  000  \ 

3  240  000*/ 

508 

80 

20 

509 

80 

20 

2670 

3  800  000 

510 

80 

20 

77 

m.b 

2850 

3  520  000 

511 

7 

100 

148.2 

J 1570 
\3060* 

2  500  000  1 
4  400  000*/ 

511 

80 

100 

512 

80 

100 

i47!6 

3110 

4  400  000 

513 

7 

100 

149.5 

|1450 

\2430* 

2  500  000  1 

3  800  000*/ 

513 

80 

100 

514 

80 

100 

m.b 

3140 

4  000  000 

515 

80 

100 

77 

148.0 

3160 

4  400  000 

516° 

80 

143.0 

1865 

2  640  000 

517° 

80 

145.0 

2000 

2  720  000 

*  Second  test  on  the  same  specimen. 

°  Set  under  pressure  of  3  lb.  per  sq.  in.  for  seven  days;  forms  removed  and  cylinder?  placed  in  testing  machine, 
under  pressure  as  follows: 

100  lb.  per  sq.  in.    7tb  to  14th  day; 

200  lb.  per  sq.  in.  14th  to  21st  day; 

300  lb.  per  sq.  in.  21st  to  28th  day; 

400  lb.  per  sq.  in.  28th  to  35th  day; 

500  lb.  per  sq.  in.  25th  to  80th  day. 
The  storage  of  these  cylinders  differed  from  the  others  in  that  they  were  exposed  to  the  air  after  age  of  seven  days. 


120 


ILLINOIS   ENGINEERING    EXPERIMENT   STATION 


o  me  Mmmm^m  o  w&twmv  m&  m&o  mz  jm  joc/6  jom  owmz 

Urt/7  D£Fa#MAT/OM 


Fig.  46.     Stress-deformation  Curves  for  8  by  16-in.  Concrete  Cylinders. 
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cover  plate  wedged  in  the  form  in  applying  the  pressure  to  the  fresh 
concrete,  a  close  fit  was  impracticable.  Under  a  pressure  of  100  lb.  per 
sq.  in.  the  length  of  the  16-in.  cylinder  was  shortened  nearly  1  in.  and 
as  much  as  a  quart  of  water  was  forced  out. 

The  initial  modulus  of  elasticity  increased  from  3  100  000  lb.  per 
sq.  in.  for  the  cylinders  without  pressure  to  4  300  000  lb.  per  sq.  in.  for 
those  setting  under  100  lb.  per  sq.  in.;  an  increase  of  about  37%.  As 
in  the  case  of  the  compressive  strength,  over  one-half  of  this  increase 
occurred  below  a  pressure  of  20  lb.  per  sq.  in.  The  cylinders  which 
set  for  7  days  under  a  pressure  of  3  lb.  per  sq.  in.  and  were  gradually 
loaded  to  500  lb.  per  sq.  in.  (No.  516  and  517)  gave  about  the  same 
values  as  those  setting  without  pressure.  Apparently  the  difference  in 
storage  conditions  nearly  counteracted  the  effect  due  to  pressure.  The 
increase  in  compressive  strength  and  modulus  of  elasticity  with  the  pres- 
sure under  which  the  concrete  sets  is  more  pronounced  in  the  7-day 
than  in  the  80-day  tests. 

The  density  of  the  concrete  as  determined  by  the  weight  of  the 
cylinders  was  increased  about  4%  by  the  pressure  of  100  lb.  per  sq.  in. 

63.  Effect  of  Loads  Reapplied  after  Failure  in  Compression. — 
An  interesting  instance  of  "autogenous  healing"  in  concrete  was  found 
in  the  re  test  of  five  cylinders  at  the  age  of  80  days  which  had  been 
loaded  to  their  ultimate  strength  in  compression  at  7  days.  One  of  the 
cylinders  had  set  under  no  pressure;  two  set  under  20  lb.  per  sq.  in. 
and  two  under  100  lb.  per  sq.  in.  During  the  period  from  the  7th  to 
the  80th  day  the  cylinders  were  stored  in  water.  The  results  of  the  first 
and  second  tests  have  been  bracketed  together  in  Table  23.  Load- 
deformation  curves  for  three  of  the  cylinders  are  given  in  Fig.  46.  In 
all  the  7-day  tests  loading  was  continued  until  there  was  a  distinct  drop 
in  the  beam  of  the  testing  machine  and  the  extensometer  showed  a  rapid 
increase  in  deformation.  The  fact  that  the  load-deformation  curves  are 
nearly  horizontal  and  that  a  unit-deformation  greater  than  0.0012  in.  was 
produced  in  all  these  cylinders  show  that  they  received  their  ultimate 
loads  in  the  7-day  tests.  Numerous  vertical  cracks  and  surface  flaking 
could  be  seen  on  most  of  the  cylinders.  The  compressive  strength  and 
modulus  of  elasticity  for  the  80-day  tests  averaged  93%  and  64%, 
respectively,  greater  than  for  the  7-day  tests  of  the  same  cylinders.  The 
average  compressive  strength  and  modulus  of  elasticity  for  the  retested 
cylinders  are  91%  and  92%,  respectively,  of  the  values  for  similar 
cylinders  which  were  tested  for  the  first  time  at  80  days.     It  is  note- 
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worthy  that  the  cylinders  which  set  under  pressure  behaved  in  much 
the  same  way  as  those  setting  under  normal  conditions. 

Apparently  a  compressive  stress  equal  to  the  ultimate  resistance 
of  concrete  applied  as  much  as  7  days  after  mixing  (as  long  as  the  speci- 
men is  not  entirely  shattered)  does  not  necessarily  permanently  destroy 
its  usefulness,  if  this  failure  is  followed  by  a  period  of  rest  in  the  pres- 
ence of  sufficient  water  to  permit  hydraulicity  to  continue. 


30 


V° 


60 


if 

it  50 
^V  40 
R'J  30 


p- 

A 

f& 

2$$^ 

& 

jr 

s* 

/ 

/ 

/ 

sort. 

ojtjdy^ 

odoy3 

/  If 

,j&!J^ 

.  *n\kr 

,d&L 

'5.--' 

-"' 

•~" 

r  T 

V      '' 

Density  of  Concrete 

1        1        ! 

Fig.  47. 


O       IO       ZO       JO      40       50       60       70      SO      90    tOO 

Pressure  under  which  Concrete  Set  -  Lb.  perSq.  In. 

Effect  of  Pressure  During  Setting  on  the 
Properties  of  Concrete. 


64.  Effect  of  Reinforcing  the  Pull-out  Specimen  against  Bursting. 
— In  many  of  the  pull-out  tests  with  deformed  bars,  the  concrete  blocks 
were  reinforced  against  bursting  by  means  of  6  or  7  turns  of  a  ^-in. 
wire  spiral  placed  inside  the  forms.  It  was  desired  to  determine  what 
effect  this  restraint  had  on  the  load-slip  relation  and  on  the  maximum 
bond  stresses  developed.  Several  specimens  made  with  corrugated  square 
and  corrugated  round  bars  were  reinforced  as  indicated  above  and  others 
from  the  same  batch  were  without  reinforcement.  The  results  of  these 
tests  are  given  in  Table  24.  In  nearly  every  case  the  specimens  rein- 
forced with  the  wire  spiral  gave  higher  bond  stresses  at  all  stages  of  the 
test  than  those  without  reinforcement.  The  difference  is  not  very  greal 
for  ages  of  2  to  7  days.  For  the  tests  made  at  28  days  or  over  the  bond 
resistance  at  a  slip  of  0.001  in.  for  the  specimens  with  the  spiral  aver- 
aged about  15%  higher  than  those  not  reinforced;  at  the  maximum  load 
the  values  are  about  50%  higher. 
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TABLE  24. 
Effect  of  Reinforcing  the  Concrete  Block  against  Splitting. 

Pull-out  tests,  embedment  8  in.     All  specimens  were  stored  in  damp  sand. 
Stresses  are  given  in  pounds  per  square  inch. 


Age 

at 

Test 

days 


Bond  Stress  at  End  Slip  of— Inches 


.0005     .001      .002      .005 


.02 


.05 


(a)     %-in.  Corrugated  Squares,  1-1-2  Hand-mixed  Concrete  (Batch  20). 

250 
236 


2 

2 

2 

2 

4 

2 

4 

2 

7 

2 

7 

2 

28 

2 

28 

2 

60 

5 

60 

4 

15  mo. 

2 

15  mo. 

2 

Spiral 

Without  spiral. 


Spiral 

Without  spiral. 


Spiral 

Without  spiral. 


Spiral 

Without  spiral. 


Spiral 

Without  spiral. 


Spiral 

Without  spiral. 


86 
97 

96 
111 

102 
117 

121 
131 

136 
154 

159 
174 

207 
220 

145 
108 

157 
129 

174 

148 

208 
177 

234 
196 

268 
230 

315 

258 

167 
154 

177 
166 

198 
174 

228 

218 

273 
253 

317 
298 

396 
322 

309 
258 

329 

286 

343 
316 

377 
393 

422 
480 

507 
527 

683 

445 
338 

709 
645 

498 
399 

892 
778 

555 
419 

1015 
888 

655 
499 

1165 

793 

965 

1101 

1340 

1480 

351 
259 


447 
322 


827 
527 


1145 
771 


1525 
1025 


(b)     %-in.  Corrugated  Squares,  1-1-2  Hand-mixed  Concrete  (Batch  23). 


5  mo. 
5  mo. 


Spiral 

In  8-in.  steel  pipe  form  § . 
Without  spiral 


Spiral , 

In  steel  pipe  §. 
Without  spiral. 


Spiral 

In  steel  pipe  §. 
Without  spiral. 


Spiral. 

In  steel  pipe  § . 
Without  spiral. 


Spiral 

Without  spiral. 


Spiral 

Without  spiral. 


86 

92 

102 

138 

166 

200 

270 

91 

114 

119 

140 

166 

195 

271 

93 

105 

112 

129 

142 

180 

211 

146 

158 

182 

233 

279 

325 

408 

131 

145 

169 

206 

249 

300 

405 

101 

118 

123 

151 

178 

213 

258 

192 

216 

246 

310 

375 

450 

533 

148 

171 

190 

243 

300 

376 

495 

150 

159 

177 

194 

210 

214 

242 

390 

433 

458 

562 

657 

796 

894 

351 

378 

434 

554 

695 

861 

1075 

386 

577 

413 
660 

453 

749 

527 
887 

579 
1019 

1104 

1134 

378 
516 

439 
586 

489 
657 

607 
829 

717 
1023 

1195 

474 

564 

639 

770 

894 

1024 

312 
326 
214 

444 
463 
264 

555 
562 

274 

906 
1152 
700 

1152 
819 

1329 
1070 


(c)     13^8-in.  Corrugated  Round,  1-2-4  Hand-mixed  Concrete. 


Spiral 

Without  spiral. 


281 
235 


306 
260 


328 

374 

438 

535 

677 

270 

286 

307 

328 

392 

846 
457 


(d)     13^-in.  Corrugated  Round,  1-2-4  Machine-mixed  Concrete  (1912). 


Spiral 

In  8-in.  steel  pipe  §. 
Without  spiral 


244 

279 

314 

359 

412 

517 

809 

347 

404 

420 

438 

516 

605 

855 

234 

248 

258 

278 

312 

341 

1115 
1070 
375 


§  Blocks  were  molded  in  an  8-in.  length  of  8-in.  steel  water  pipe  which  remained  in 
place  during  the  test. 
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In  order  to  study  the  effect  of  a  greater  amount  of  restraint  against 
bursting,  part  of  the  specimens  were  molded  and  tested  in  forms  consist- 
ing of  8-in.  lengths  of  8-in.  steel  water  pipe.  The  specimens  with  solid 
pipe  forms  gave  values  about  the  same  as  those  with  the  spiral,  during 
the  earlier  stages  of  the  tests,  but  as  may  have  been  expected,  they 
gave  much  higher  values  of  maximum  bond  resistance.  These  tests 
indicate  that  the  restraint  of  the  spiral  reinforcement  is  effective  in 
raising  the  bond  resistance  in  pull-out  tests  with  deformed  bars. 

Fig.  45  gives  load-slip  curves  for  a  few  tests  which  show  the  effect 
of  reinforcing  the  concrete  block  against  bursting,  the  effect  of  causing 
the  concrete  to  set  under  pressure  and  the  effect  on  the  corrugated  bar 
tests  of  molding  the  specimen  with  the  long  end  of  the  bar  upward. 

B.     Eeinforced  Concrete  Beam  Tests. 

65.  Frelimxnanj. — It  is  in  the  design  of  reinforced  concrete  beams 
that  a  correct  knowledge  of  the  bond  resistance  between  the  concrete 
and  the  steel  is  most  important.  The  study  of  reinforced  concrete  beams 
with  special  reference  to  bond  stresses  was  begun  at  the  University  of 
Illinois  in  1909;  additional  series  of  beam  tests  designed  for  the  study 
of  bond  stresses  were  made  in  1911  and  1912.  The  results  of  110  beam 
tests  are  given  in  this  bulletin.  The  dimensions  of  the  beams  were: 
width  8  in.,  depth  12  in.  (10  inches  to  the  center  of  the  steel)  and  span 
length  5  to  10  ft.  Typical  forms  of  reinforced  concrete  beams  are 
shown  in  Fig.  2.  The  longitudinal  reinforcement  usually  consisted  of  a 
single  straight  bar  of  large  diameter  placed  in  the  middle  of  the  width 
of  the  beam.  These  bars  extended  to  the  ends  of  the  beams.  Vertical 
stirrups  were  frequently  used  as  web  reinforcement.  With  a  few  excep- 
tions which  are  noted  in  the  tables,  the  beams  were  loaded  at  the  one- 
third  points  of  the  span.  The  usual  span  length  was  6  in.  less  than  the 
total  length  of  the  beam;  in  some  of  the  1911  tests  beams  7%  and  8% 
ft.  long  were  loaded  on  a  span  of  6  ft.  with  the  ends  overhanging  the 
supports  9  in.  or  15  in.,  instead  of  3  in.  as  in  the  other  beam  tests. 
Bars  of  large  diameter  and  beams  of  comparatively  short  span  lengths 
were  used  in  order  to  develop  high  bond  stresses  in  comparison  with  the 
other  stresses  in  the  beam,  and  thus  to  produce  bond  failures. 

66.  Measurements  of  Slip  of  Bar. — In  the  beam  tests  the  slip  of 
the  ends  of  the  reinforcing  bar  was  measured  by  means  of  Ames  gages 
as  in  the  pull-out  tests.     The  instrument  was  carried  by  a  wooden  or 
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metal  yoke  which  was  attached  to  the  ends  of  the  beam  in  such  a  position 
that  the  movable  head-piece  of  the  instrument  had  a  direct  bearing 
against  the  end  of  the  bar.  As  the  test  progressed,  the  amount  of  slip 
at  each  end  of  the  bar  was  noted.  In  many  of  the  beams  of  the  series 
of  1911  and  1912  the  slip  of  bar  was  measured  at  numerous  points  along 
the  length.  Openings  about  1  in.  in  diameter  were  cut  or  formed  in  the 
concrete  under  the  reinforcing  bar  at  points  where  measurements  of 
slip  were  desired.  Plugs  of  %-in.  square  steel  were  screwed  firmly  into 
threaded  holes  in  the  bar.  The  gage  was  carried  by  a  metal  bracket 
attached  to  a  steel  plate  which  was  fastened  to  the  concrete  by  plaster 
of  paris  in  two  places  on  either  side  of  the  plug.  The  plunger  of  the 
gage  rested  against  the  steel  plug  so  that  a  movement  of  the  reinforcing 
bar  in  either  direction  with  respect  to  the  concrete  would  be  indicated 
by  the  pointer.  As  many  as  13  such  instruments  were  used  in  some 
of  the  tests.  The  positions  of  these  instruments  are  shown  for  typical 
tests  in  Fig.  56. 

The  amount  of  slip  which  has  been  termed  "first  slip  of  bar"  in 
the  tables  corresponds  to  a  movement  of  about  0.0002  in.  We  are 
justified  in  using  a  smaller  quantity  as  a  measure  of  first  end  slip  in 
beams  than  was  used  in  the  pull-out  tests,  for  the  following  reasons: 
(1)  Measurements  from  the  yoke  to  points  on  the  concrete  of  the  end 
of  the  beam  near  the  bar  do  not  show  appreciable  deformation  in  the 
concrete  at  any  stage  of  the  test.  This  is  probably  due  to  the  unstressed 
condition  of  the  concrete  at  the  end  of  a  beam.  (2)  The  load-slip 
curves  for  the  beam  tests  show  that  as  soon  as  the  slip  at  the  end  of  the 
bar  reaches  about  0.0002  in.,  it  rapidly  increases  with  a  further  applica- 
tion of  load.  (3)  Tests  made  on  beams  by  allowing  the  load  which  pro- 
duced a  very  small  amount  of  slip  at  the  end  of  the  bar  to  remain  con- 
stant for  several  hours  or  days  indicate  that  the  ultimate  bond  resistance 
probably  would  be  developed  under  the  indefinitely  continued  application 
of  loads  which  produce  at  first  an  end  slip  as  small  at  0.0002  in.  The 
tests  in  which  slip  of  bar  was  measured  at  intermediate  points  are  dis- 
cussed in  detail  in  Art.  94. 

67.  Computation  of  Stresses  in  a  Reinforced  Concrete  Beam. — 
An  analysis  of  the  stresses  in  a  reinforced  concrete  beam  was  given  in 
Bulletin  No.  4  of  the  University  of  Illinois  Engineering  Experiment 
Station,  "Tests  of  Reinforced  Concrete  Beams,"  by  A.  N".  Talbot,  and 
reference  may  be  made  to  that  bulletin  for  methods  of  computing  the 
stresses  given  in  the  following  tables.     In  that  analysis  it  was  shown 
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that  for  the  assumptions  of  beam  theory  the  bond  between  concrete  and 
steel  in  a  reinforced  concrete  beam  is  a  function  of  the  vertical  shear. 
The  bond  unit-stress  was  expressed  by 


u  = 


mod' 

Where  v  =  the  total  vertical  shear, 
m  =  the  number  of  bars, 
o  =  the  perimeter  of  one  bar, 

d'  =  the  effective  depth  of  the  beam,  or  the  distance  between 
the  center  of  the  steel  and  the  centroid  of  the  com- 
pressive stresses. 

The  formula  assumes  that  the  reinforcing  bar  ends  at  the  point 
of  support.  As  in  the  test  beams  the  bar  extended  beyond  the  point  of 
support  3  in.  or  more,  the  amount  of  available  bond  surface  will  be 
greater  than  that  assumed  in  the  analysis,  but  generally  in  the  calcula- 
tions this  additional  bond  surface  will  be  disregarded  and  the  formula 
used  as  given  above  without  modification. 

It  is  recognized  that  this  analysis  does  not  consider  all  the  phenom- 
ena of  bond  action.  It  will  be  seen  below  that  after  slip  of  bar  becomes 
appreciable,  the  bond  stress  in  a  beam  is  not  distributed  as  indicated  by 
the  formula.  However,  instead  of  attempting  to  take  into  account  the 
effect  of  slip  of  bar  and  the  cracking  of  the  concrete,  the  values  com- 
puted by  the  above  formula  will  be  used.  These  nominal  values  of 
bond  resistance  form  a  useful  basis  of  comparison  in  a  series  of  tests 
in  which  the  dimensions  and  make-up  of  the  beams  are  similar. 

68.  Phenomena  of  Beam  Tests. — If  a  bar  which  is  embedded  in 
a  prism  of  concrete  is  subjected  to  a  pull  at  its  ends  a  part  of  the  tensile 
force  is  transmitted  to  the  concrete  and  a  bond  stress  is  developed  be- 
tween the  steel  and  the  concrete  which  may  be  said  to  be  due  to  the 
stiffness  of  the  concrete  or  its  resistance  to  stretch.  When  the  concrete 
has  been  distended  to  its  limit  of  stretch  or  to  its  limit  of  tensile  strength, 
a  break  occurs  and  the  concrete  adjoining  the  break  springs  back  toward 
the  unbroken  concrete,  there  is  a  slipping  along  the  bar,  and  a  minute 
crack  forms  at  the  break.  The  size  of  the  crack  and  the  amount  of  the 
slip  will  depend  upon  the  relative  dimensions  of  concrete  and  steel.  It 
is  evident  that  some  tensile  stress  will  remain  in  the  unbroken  concrete 
and  some  bond  stress  between  concrete  and  steel  even  after  slip  lias 
occurred,  and  that  with  increased  tension  in  the  bar  there  will  be  further 
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stretch  in  the  concrete  or  further  slip  of  the  bar  or  more  cracks  in  the 
concrete.  For  want  of  a  better  one,  the  term  "anti-stretch  slip"  may 
be  used  for  this  slip  of  bar  which  is  due  to  the  stiffness  or  springiness 
of  the  concrete  after  cracking.  At  what  strain  this  anti-stretch  slip 
occurs  and  how  far  apart  the  cracks  will  be  may  be  expected  to  be  a 
function  of  the  size  and  periphery  of  bar  and  the  condition  of  its  sur- 
face and  the  quality  of  the  concrete  and  the  section  of  concrete  which 
is  tributary  to  the  reinforcing  bar. 

It  is  well  here  to  call  attention  to  the  fact  that  a  tension  break  in 
the  concrete  may  occur  without  its  presence  being  visible  to  the  eye. 
The  stretched  concrete  to  the  side  of  the  break  will  act  as  a  spring 
and  tend  to  pull  the  concrete  back  from  the  break.  If  this  elastic  force 
is  greater  than  the  bond  resistance  slip  will  occur  and  the  crack  will 
widen  and  become  perceptible.  Such  cracks  are  very  fine.  The  white- 
washing of  the  surface  of  the  beams  materially  assisted  in  detecting 
these  cracks  at  an  early  stage  of  their  development,  and  doubtless  many 
of  them  would  not  have  been  seen  on  the  natural  surface  of  the  concrete. 
It  may  be  added  that  the  term  "anti-stretch  slip"  has  been  used  some- 
times in  the  bulletin  to  cover  the  elastic  force  which  goes  with  the  slip. 

In  the  case  of  a  beam  which  is  loaded  symmetrically  at  the  one- 
third  points,  the  region  between  the  two  loads  carries  no  vertical  shear 
and  there  is  no  bond  stress  due  to  normal  beam  action  as  it  is  usually 
analyzed.  However,  this  is  the  region  of  greatest  longitudinal  stress 
and  hence  the  region  in  which  a  phenomenon  similar  to  that  just  de- 
scribed will  exist  to  a  considerable  degree.  At  the  beginning  of  load- 
ing, the  concrete  itself  will  carry  the  greater  part  of  the  tensile  stress 
and  a  part  will  be  transmitted  to  the  reinforcing  bar.  In  the  later 
stages,  after  cracks  have  formed,  it  may  be  simpler  to  consider  the  ten- 
sion to  be  carried  primarily  by  the  bar  and  the  concrete  to  form  the 
web  and  the  enveloping  medium.  At  the  formation  of  tension  cracks, 
the  phenomenon  of  anti-stretch  slip  described  in  the  preceding  paragraph 
will  exist.  The  reinforced  concrete  beam  tests  to  be  described  indicate 
that  a  slip  of  bar  took  place  in  this  region  at  loads  below  those  at  which 
minute  cracks  on  the  whitewashed  face  of  the  beam  appeared,  and  con- 
siderably below  the  loads  at  which  they  have  been  noted  in  beams  having 
only  the  usual  concrete  surface  for  inspection.  In  general,  this  early 
interior  slip  of  bar  was  noted  at  a  tensile  stress  in  the  bar  of  about 
6000  lb.  per  sq.  in.  The  distance  apart  of  these  cracks  and  their  rela- 
tion to  the  form  and  size  of  bar  will  be  discussed  with  the  details  of 
the  tests. 


128  ILLINOIS  ENGINEERING   EXPERIMENT  STATION 

For  the  region  outside  the  load  points,  that  is,  in  the  outer  thirds 
of  the  span  length,  for  the  method  of  loading  generally  used,  shearing 
and  other  web  stresses  exist,  and  due  to  the  beam  action  bond  stresses 
between  the  concrete  and  steel  are  developed  which  may  be  termed  beam 
bond  stresses.  By  the  usual  analysis,  for  the  loading  used,  these  bond 
stresses  are  nominally  uniform  from  load  point  to  support.  The  anti- 
stretch  slip  may  be  expected  to  exist  here  also,  especially  in  the  part 
near  the  load  points,  and  the  existence  of  this  slip  and  bond  stress 
concurrently  with  the  beam  bond  stress  makes  a  considerable  complica- 
tion and  may  be  expected  greatly  to  modify  the  distribution  of  the  bond 
stresses  over  the  length  of  the  bar,  and  to  affect  resistance  to  beam  bond 
stresses. 

In  the  tests  of  beams  loaded  at  the  one-third  points,  the  beam 
exhibits  considerable  stiffness  up  to  the  load  which  causes  the  first  ten- 
sion cracks  in  the  concrete.  After  this  point,  the  beam  deflection 
increases  more  rapidly  and  continues  at  a  nearly  constant  rate  until 
failure  is  imminent.  A  marked  change  in  the  rate  of  deflection  follows 
the  diminution  in  effective  tensile  resistance  of  the  concrete  and  is  coin- 
cident with  the  stage  when  anti-stretch  slip  first  develops  prominently 
in  the  middle  third  of  the  beam.  Due  to  the  inequalities  in  the  tensile 
resistance  of  the  concrete  and  to  the  development  of  anti-stretch  slip 
the  tension  cracks  form  at  certain  points  instead  of  being  closely  spaced, 
and  a  large  part  of  the  increase  in  length  of  the  lower  fibers  is  concen- 
trated at  these  cracks.  An  examination  of  the  photographs  and  sketches 
of  the  beams  after  failure  will  show  that  tension  cracks  form  through  the 
region  of  the  middle  third  and  generally  a  short  distance  outside  with 
usually  other  tension  cracks  farther  out. 

For  the  stage  of  the  test  at  which  cracks  first  appeared  at  the  load 
points  or  a  short  distance  outside,  the  bar  showed  a  measurable  slip 
just  beyond  the  crack  (nearer  the  end).  It  was  necessary  to  increase 
the  load  50%  to  300%  before  slip  was  produced  at  the  end  of  the  bar; 
the  amount  of  increase  varied  principally  with  the  distance  between  the 
load  point  and  the  support.  We  may  expect  then  that  a  bond  stress 
nearly  as  great  as  the  ultimate  bond  resistance  was  being  developed 
for  a  short  distance  beyond  the  crack,  much  of  which  was  due  to  the 
condition  which  produces  anti-stretch  slip  of  bar.  At  this  stage  of  the 
test  the  bond  stress  at  the  supports  was  only  a  small  part  of  the  maxi- 
mum bond  resistance.  The  tests  indicate  that  when  the  maximum  bond 
stress  was  first  developed  outside  the  load   points  the  bond  stress   at 
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the  support  was  not  more  than,  say,  15%  to  40%  of  the  maximum  bond 
resistance.  As  the  bar  was  further  stressed  by  an  additional  load 
applied  to  the  beam,  the  bond  stress  near  the  crack  decreased  on  account 
of  excessive  slip  of  bar  and  the  region  of  full  bond  resistance  was  thrown 
more  and  more  toward  the  support.  Later  in  the  test,  due  to  the  com- 
bination of  beam  bond  stress  and  anti-stretch  slip,  another  crack  was 
formed  a  few  inches  nearer  the  support.  The  opening  of  a  second  crack 
had  the  effect  of  reducing  the  bond  stress  between  the  cracks  and  the 
tensile  stress  in  the  bar  was  increased  toward  the  support.  As  the  load- 
ing progressed  this  process  continued  with  the  piecemeal  development 
of  the  maximum  bond  resistance  and  the  subsequent  reduction  of  bond 
due  to  excessive  slip  over  the  portion  of  the  bar  affected,  until  the  ef- 
fective embedded  length  of  the  bar  was  no  longer  able  to  withstand  the 
bond  stresses  developed  and  failure  from  slip  of  bar  soon  followed.  It 
is  clear  that  the  unbroken  embedded  length  of  bar  at  the  ends  of  the 
beam  which  takes  the  principal  portion  of  the  total  bond  stress  during 
the  last  stages  of  the  test,  will  depend  upon  the  relative  dimensions  of 
the  bars  and  the  beam  and  upon  the  bond,  tensile  and  shearing  resist- 
ance of  the  concrete.  The  beam  tests  discussed  below  show  how  this 
distance  varied  for  a  variety  of  conditions. 

Fig.  57  to  63  show  the  appearance  of  representative  beams  after 
testing.  The  surfaces  of  the  beams  had  been  whitewashed  before  the 
tests  in  order  to  facilitate  the  tracing  of  cracks.  The  positions  of  the 
load-points  and  supports  are  shown  by  vertical  arrows.  The  surface 
cracks,  which  were  generally  very  fine,  were  traced  with  black  paint  on 
the  surface  of  the  beams  in  order  that  the  location  of  the  cracks  may 
be  shown  on  the  photographs.  The  numbers  near  the  cracks  indicate 
the  extension  of  the  cracks  as  the  test  progressed  expressed  in  thousands 
of  pounds  load.  In  the  beams  in  which  slip  of  bar  was  measured  at 
intermediate  points,  the  positions  of  the  instruments  are  indicated  by 
the  numbers  inside  circles;  the  points  at  which  tensile  deformations  in 
the  longitudinal  bar  were  measured  in  the  tests  of  certain  beams  are 
indicated  in  the  same  way. 

The  load-slip  curves  for  representative  beams  in  each  group  are 
given  in  Fig.  69  to  76,  inclusive;  load-deflection  and  end-slip-of-bar 
curves  are  given  in  Fig.  77  to  86,  inclusive.  These  diagrams  give  impor- 
tant indications  as  to  the  effect  of  the  different  variables  in  the  make-up 
or  loading  of  the  beams. 
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a.     1909  Beam  Tests. 

69.  Outline  of  Series. — In  1909  eleven  reinforced  concrete  beams 
were  tested  with  special  reference  to  a  study  of  bond  stresses.  Data 
of  the  beams  and  tests  are  given  in  Tables  25  and  26.  These  beams  were 
considered  as  a  preliminary  series;  no  companion  pull-out  specimens 
were  made. 

TABLE  25. 


Data  of  Reinforced  Concrete  Beams — 1909  Series. 

1-2-4  hand-mixed  concrete;  Chicago  AA  portland  cement. 
Each  beam  was  reinforced  with  a  single  longitudinal  bar. 
All  beams  were  8  in.  wide;  total  depth  12  in.;  depth  to  center  of  steel  10  in.;  length  6}^  ft. 


Longitudinal  Reinforcement 

Stirrups 
(Round  bars 
4  in.  apart) 

Mixture 

by 
Weight 

Beam 
from 
Same 
Batch 

Compression  Tests 
of  6-in.  Cubes 

Beam 
No. 

Kind  of  Bar 

Per 
cent 

Age 

at 

Test 

days 

Average 

of  3  Tests 

lb.  per 

sq.  in. 

120 

0.98 
0.98 
0.98 

1.53 
1.53 
1.53 

1.25 

1.25 
1.25 

0.70 

1.25 

Min. 
Kin. 
Kin. 

H  in. 
Kin. 

Hin. 

HUL 

Kin. 
Kin. 

H  in. 

Kin. 

1-2.35-4.15 
1-2.35-4.15 
1-2.53-4.40 

1-2.34-4.27 
1-2.52-4.47 
1-2.52-4.47 

1-2.23-3.93 

1-2.44-4.23 
1-2.53-4.40 

1-2.34-4.27 

1-2.23-3.93 

121 
120 
202 

85 
204 
203 

118 

20  i 
84 
117 

82 
82 
62 

65 
63 
63 

87 

65 
62 

65 

87 

1420 

121 

1420 

201 

1757 

84 

1722 

203 

1573 

204 

1573 

117 

62 
202 

85 

118 

1-in.  cup 

lj^-in.  corrugated  round 

lH-in-  corrugated  round 

5^-in.  corrugated  square 

1-in.  twisted  square 

1900 

1762 
1757 

1722 

1960 

The  average  compressive  strength  of  6  sets  of  6-in.  cubes  was  1700  lb.  per  sq.  in. 

All  the  beams  were  identical  as  to  materials  and  external  dimen- 
sions. 1-2-4  hand-mixed  concrete  made  with  Chicago  AA  cement  was 
used.  Each  beam  was  reinforced  with  a  single  bar  which  extended  flush 
with  the  ends  of  the  beam.  The  size  and  spacing  of  vertical  stirrups 
is  given  in  Table  25.  The  age  at  test  averaged  about  100  day?.  All 
beams  were  loaded  at  the  one-third  points  of  a  6-ft.  span.  In  all  but 
one  test  (Beam  No.  81)  the  load  was  applied  progressively  to  failure. 
In  the  test  of  Beam  No.  84,  load  was  applied  until  one  end  of  the  bar 
showed  an  appreciable  slip;  the  load  was  then  released  and  reapplied. 
This  test  is  discussed  in  detail  in  Art.  90. 
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70.  Bond  with  Plain  Round  Bars. — End  slip  began  in  the  beams 
reinforced  with  a  1-in.  round  bar  at  an  average  bond  stress  of  192  lb. 
per  sq.  in.;  and  for  the  l^-in.  round  at  211  lb.  per  sq.  in.  The  average 
maximum  bond  resistance  was  279  lb.  per  sq.  in.  for  the  1-in.  bars  and 
303  lb.  per  sq.  in.  for  the  l^-in.  bars.  The  load-deflection  and  load- 
slip  curves  for  Beams  121  and  204  are  given  in  Fig.  77. 

TABLE  26. 

Tests  of  Reinforced  Concrete  Beams — 1909  Series. 
All  beams  were  loaded  at  the  one-third  points  of  a  6-ft.  span;  overhang  3  in.  at  each 


end. 


Loads  are  given  in  pounds;  stresses  in  pounds  per  square  inch. 

In  computing  unit  stresses,  the  weight  of  the  beam  was  considered. 


Age 
at 

Test 
days 

Load 

at 
First 
Outer 
Crack 

At  First  Slip 
of  End  of  Bar° 

At  Maximum  Load 

Beam 
No. 

Applied 
Load 

Com- 
puted 
Bond 
Stress 

Applied 
Load 

Tensile 
Stress 

in 
Steel 

Vertical 
Shear- 
ing 

Stress 

Com- 
puted 
Bond 

Stress 

Failure  of  Beam 

120 
121 
201 

Av. 

84* 
203 
204 

Av. 

117 

62 

202 

Av. 

112 
112 

88 

104 

104 
91 
90 

95 

118 

56 

88 

72 

105 

118 

11  000 
10  000 
10  000 

10  300 

17  000 
13  000 

13  000 

14  300 

19  000 

12  000 
14  000 

13  000 

20  000 

10  000 
10  000 
10  000 

10  000 

15  000 

11  200 

12  500 

12  900 
19  000 

12  000 

198 
198 
180 

192 

243 
185 
204 

211 

292 

213 

11  700 
14  500 

16  900 

14  370 

20  500 
19  300 

17  000 

18  900 
33  000 
22  500 

19  000 

20  750 
28  700 
32  100 

22  100 

27  100 
31  400 

26  870 

24  900 

23  500 
20  800 

23  070 

48  100 

33  200 

28  100 
30  650 
72  500 
46  700 

89 
111 
128 

109 

158 
149 
132 

146 

250 
172 
.  146 
159 
209 
241 

230 
281 
327 

279 

327 
309 
273 

303 

500 
390 
332 
361 
568 
488 

Slow  bond  failure  at  S.  end 
Bond  at  S.  end. 
Bond  at  S.  end 

Bond  at  S.  end. 
Bond  at  S.  end. 
Bond  at  S.  end. 

Bond  at  S.  end. 

Diagonal  tension  and  bond 

at  S.  end. 
Bond  at  S.  end. 

85 
118 

6  000 
15  000 

128 
233 

Tension  in  steel. 
Bond  at  S.  end. 

c  Corresponding  to  a  slip  of  0.0002  in. 

*  The  load  was  released  and  reapplied.    See  Art.  90  and  Fig.  51. 


71.  Bond  with  Deformed  Bars. — One  beam  in  the  1909  series  was 
reinforced  with  a  1-in.  cup  bar,  one  with  a  %-in.  corrugated  square  bar 
(type  B)  and  two  with  1%-in.  corrugated  rounds.  Beam  No.  118 
reinforced  with  a  1-in.  twisted  square  bar  will  be  referred  to  in  the 
discussion  of  other  beams  of  the  same  kind  in  the  1912  series  (see 
Art.  84). 
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Beam  No.  117,  reinforced  with  one  1-in.  cup  bar,  carried  the  highest 
load  in  this  series — 33  000  lb.  End  slip  began  at  an  applied  load  of 
19  000  lb.  and  a  computed  bond  stress  of  292  lb.  per  sq.  in.  This  is 
about  the  same  load  that  caused  the  first  diagonal  crack.  The  maximum 
bond  resistance  was  500  lb.  per  sq.  in.,  corresponding  to  a  steel  stress 
of  48  100  lb.  per  sq.  in.  The  load-end-slip  and  load-deflection  curves 
for  this  test  are  given  in  Fig.  77.  The  slip  measured  at  the  end  where 
failure  occurred  was  0.006  in.  at  the  maximum  load;  the  slip  at  the 
opposite  end  was  0.001  in. 

Beam  No.  85,  reinforced  with  one  %-in.  corrugated  square  bar 
(type  B)  showed  first  end  slip  at  a  computed  bond  stress  of  128  lb.  per 
6q.  in.  The  load-slip  curve  for  this  beam  (Fig.  77)  shows  a  very  rapid 
slip  at  one  end  following  an  applied  load  of  about  7000  lb.  The  end 
slip  had  reached  0.001  in.  at  a  load  of  8000  lb.;  at  the  maximum  load 
the  slip  was  about  0.02  in.  at  one  end  and  0.004  in.  at  the  other.  While 
this  beam  failed  finally  by  tension  in  the  steel,  it  is  plain  that  a  bond 
resistance  much  higher  than  the  value  given — 568  lb.  per  sq.  in. — could 
not  have  been  developed. 

Beams  No.  62  and  202  were  each  reinforced  with  one  1%-in.  cor- 
rugated round  bar.  Slip  of  bar  was  not  measured  in  Beam  No.  62.  In 
Beam  No.  202  end  slip  began  at  a  load  of  12  000  lb.  and  bond  stress  of 
213  lb.  per  sq.  in.  After  a  load  of  12  000  lb.,  slipping  at  both  ends  was 
very  pronounced.  At  failure,  at  a  load  of  19  000  lb.,  bond  stress  of  332 
lb.  per  sq.  in.,  one  end  of  the  bar  had  slipped  0.014  in.;  the  other  0.007 
in.  The  bond  stress  at  the  beginning  of  end  slip  of  Beam  No.  202  was 
about  5%  higher  than  the  average  of  the  six  beams  in  this  series  which 
were  reinforced  with  plain  rounds.  The  average  bond  stress  at  the 
maximum  load  for  the  two  beams  reinforced  with  1%-in.  corrugated 
rounds  (361  lb.  per  sq.  in.)  was  24%  higher  than  the  average  of  the 
six  beams  with  plain  rounds.  However,  the  beams  with  corrugated 
bars  were  tested  at  a  somewhat  earlier  age ;  on  the  other  hand  the  cube 
tests  show  them  to  be  made  of  concrete  of  somewhat  higher  compressive 
strength  than  those  with  plain  bars. 
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b.     1911  Beam  Tests. 

72.  Outline  of  Series. — Thirty-six  reinforced  concrete  beams  were 
included  in  the  1911  series.  Plain  round  and  corrugated  bars  were  used 
for  longitudinal  reinforcement.  All  the  beams,  except  two,  were  tested 
with  a  6-ft.  span.  Beam  No.  1045.2  and  1045.3  were  tested  with  an  8-ft. 
span.  Several  of  the  beams  in  this  series  were  tested  with  ends  over- 
hanging the  supports  9  in.  or  15  in.  In  one  group,  the  depth  of  con- 
crete below  the  steel  was  varied.  Fifteen  of  the  beams  had  no  web  rein- 
forcement; the  remainder  were  provided  with  V-shaped  stirrups  of 
%-in.  or  %-in.  plain  rounds.  In  the  1911  beams  the  concrete  was 
hand-mixed;  the  age  at  test  averaged  about  8  months. 

Pull-out  specimens  and  6-in.  cubes  were  made  from  the  same 
materials  as  were  used  in  many  of  the  beams.  The  pull-out  specimens 
were  stored  in  the  open  air  with  the  beams,  until  tested;  the  cubes 
were  stored  in  damp  sand. 

Details  of  the  make-up  of  the  beams,  their  dimensions,  the  mate- 
rials used  and  the  strength  of  the  concrete  will  be  found  in  Table  27. 
Table  28  gives  the  data  of  the  tests  and  some  of  the  calculated  stresses 
in  the  beams  as  well  as  notes  on  failure.  The  computed  bond  stresses 
developed  in  the  beams  and  in  the  pull-out  tests  in  this  series  at  various 
amounts  of  end  slip  will  be  found  in  Table  29.  A  summary  of  the  bond 
stresses  in  the  beam  and  pull-out  tests  is  given  in  Table  30. 

In  several  of  the  beams  in  this  series  measurements  were  made  on 
slip  of  bar  at  points  other  than  the  ends.  Discussion  of  the  slip  found 
at  internal  points  will  be  given  with  the  discussion  of  similar  tests  in 
the  1912  series  (Art.  94). 

73.  Basis  of  Comparison  of  Bond  Resistance  in  Beam  and  Pull- 
out  Tests. — In  the  1911  and  1912  beam  series,  the  corresponding  beams 
and  pull-out  specimens  were  made  from  the  same  batch  and  stored 
under  the  same  conditions.  In  comparing  the  bond  resistance  in  beam 
and  pull-out  tests,  it  is  evident  that  the  bond  stresses  corresponding  to 
definite  amounts  of  slip  in  each  case  should  be  considered.  The  amount 
of  slip  in  both  kinds  of  specimens  was  measured  at  the  free  end  of  the 
bar,  and  at  other  points  in  some  of  the  beam  tests.  Differences  in  bond 
resistance  developed  in  the  two  forms  of  test  specimens  may  be  expected 
to  be  due  principally  to  differences  in  the  secondary  stresses  in  the 
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specimen  and  in  a  much  less  degree  to  the  form  of  the  specimen.  The 
anti-stretch  slip  mentioned  in  a  preceding  paragraph  is  a  manifestation 
of  one  of  the  secondary  stresses.  Since  the  beams  were  loaded  sym- 
metrically and  failure  was  practically  always  due  to  bond  or  some  cause 
involving  bond,  the  bar  pulled  out  at  the  end  where  the  bond  resistance 
was  the  weaker.  In  other  words  the  beam  tests  give  in  each  case  the 
smaller  of  two  possible  values  of  bond  resistance  resulting  from  the 
same  combination  of  materials.  In  a  few  tests  one  end  of  the  bar 
showed  a  greater  slip  during  the  earlier  stages  of  loading,  only  to  be 
overtaken  by  the  other  end  as  the  loading  progressed.  In  two  or  three 
tests  both  ends  of  the  beam  behaved  almost  identically  in  this  respect. 
These  observations  apply  to  beams  reinforced  both  with  plain  and  de- 
formed bars.  The  pull-out  tests  for  comparison  with  the  reinforced  con- 
crete beams  were  made  in  sets  of  three. 

Since  we  have  automatically  rejected  the  higher  of  the  two  bond 
resistances  in  the  beams,  it  will  make  the  comparison  more  nearly  cor- 
rect to  reject  the  highest  one  of  the  pull-out  specimens.  The  average 
values  for  the  lowest  two  from  each  set  of  pull-out  specimens  are  given  in 
Tables  29  and  30.  These  are  the  values  which  have  been  used  for  com- 
parison in  the  discussion  of  beam  and  pull-out  tests.  It  will  be  seen 
that  this  method  gives  values  for  the  pull-out  tests  which  are  a  little 
too  high;  but  the  error  due  to  this  cause  is  not  of  enough  consequence 
to  justify  further  refinement  in  the  computations. 

74.  Bond  with  Plain  Hound  Bars. — In  the  1911  series  23  beams 
were  reinforced  with  1-in.  plain  rounds  and  7  beams  with  1%-in.  plain 
rounds.  The  effect  of  size  of  bar,  vertical  stirrups,  depth  of  concrete 
below  the  steel,  overhang  of  ends,  etc.,  in  beams  reinforced  with  plain 
rounds  will  be  discussed  in  detail  in  the  following  articles.  It  will  be 
seen  later  that  the  presence  of  vertical  stirrups  has  no  considerable  effect 
on  the  bond  resistance  of  beams  of  this  kind,  hence  for  purposes  of  the 
present  discussion  all  beams  in  the  1911  series  reinforced  with  1-in. 
plain  round  bars,  except  those  having  a  total  depth  of  14  in.  and  those 
with  unusual  overhang  of  ends,  will  be  grouped  together. 

The  groups  with  1-in.  plain  rounds  include  1G  tests  as  shown  in 
groups  1  to  5,  Table  30.  End  slip  became  appreciable  at  a  bond  stress  of 
247  11).  per  sq.  in.,  67%  of  the  maximum  bond  resistance.  The  largest 
amount  of  end  slip  which  was  observed  in  every  test  in  these  groups  was 
0,001  in.,  corresponding  to  a  bond  stress  of  344  lb.  per  sq.  in.,  92%  of 
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TABLE  30. 

Summary  of  Bond  Stresses  in  Beam  and  Pull-out  Tests- 

1911  Series. 

Stresses  are  given  in  pounds  per  square  inch. 


Group 


Characteristics 


No. 

of 

Tests 

Age 

at 

Test 

mo. 

Bond  Stress  at  End  Slip  o: 
(inches) 

.0002 

.0005 

.001 

.002 

.005 

.01 

Computed 

Bond 
Stress  at 
Maximum 

Load 


Beam  Tests;  1-in.  Plain  Rounds. 


1-5 

7 
8 
6 


All  beams  except  as  noted*.. 
Beams  with  9-in.  overhang. . 
Beams  with  15-in.  overhang. 
14  in.  total  depth — 


16 
2 

9V* 

247 
380 

310 
414 

344 

445 

462 

2 

8 

440 

454 

440 

3 

8 

433 

481 

508 

523 

371f 
500 
474 
557 


Pull-Out  Tests;  1-in.  Plain  Rounds. 


Lowest  two  from  each  set  of  three  tests0 

All  pull-out  tests 

Highest  from  each  set 

Lowest  from  each  set 


14 
21 

7 
7 

..... 

225 
242 
275 
201 

298 
312 
340 
284 

353 

365 
390 
338 

399 
410 
433 

385 

457 
469 
491 
430 

481 
491 
509 
475 

493 
500 
511 
491 


Beam  Tests;  '. 

[%-m.  Plain  Rounds. 

9 
10 

6-ft.  beams  with  3-in.  overhang 

8-ft.  beams  with  3-in.  overhang 

6-ft.  beams  with  15-in.  overhang 

3 
2 
2 

m 

10^ 

206 
397 
267 

259 
416 
320 

354 

413 
465 

11 

353 

376 

Pull-out  Tests;  134-in.  Plain  Rounds. 


9-11 


12,13 


Lowest  two  from  each  set  of  3  tests0 

All  pull-out  tests 

Highest  from  each  set 

Lowest  from  each  set 


8 

231 

301 

342 

389 

446 

12 

8 

239 

313 

365 

412 

459 

483 

4 

253 

338 

413 

459 

487 

4 

226- 

266 

313 

360 

410 

Lowest  two  from  each  set  of  3  tests0 

All  pull-out  tests 

Highest  from  each  set 

Lowest  from  each  set 


6 
9 
3 
3 

"m 

184 
181 
141 
190 

233 
242 
262 
242 

270 
300 
360 
280 

313 
354 
464 
312 

400 
432 
526 
367 

440 
491 
598 
409 

474 

483 
502 
441 


Beam  Tests;  13^-in.  Corrugated  Rounds. 

12 

3 

3 

8 

221 
387 

271 
438 

317 
473 

343 

402 

496 

13 

493 

Pull-out  Tests;  l^-in.  Corrugated  Rounds. 

*  Includes  all  beams  reinforced  with  1-in.  plain  rounds,  except  those  in  groups  6,  7  and  8. 

t  The  maximum  bond  resistance  for  5  beams  made  from  Lehigh  cement  averaged  390  lb.  per  sq.  in. 
3ube  tests,  Table  27. 

0  Use  these  values  for  comparison  with  bond  stresses  in  beam  tests.    See  Art.  73. 

♦  Omitted  on  account  of  part  of  the  specimens  being  reinforced  against  bursting  and  part  unreinforced. 
Table  29  for  details  of  these  teets. 


See 
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the  maximum  bond  resistance.  It  is  evident  that  when  the  end  slip  of 
the  bar  has  reached  0.001  in.  the  stress  distribution  is  such  that  the  beam 
generally  has  passed  its  usefulness  for  carrying  load. 

In  the  case  of  five  beams  reinforced  with  l^-in.  plain  rounds 
(Table  30)  end  slip  began  at  a  computed  bond  stress  of  282  lb.  per  sq. 
in.,  65%  of  the  maximum  resistance.  In  this  group  an  end  slip  of 
0.0005  in.  was  measured  in  all  the  tests,  corresponding  to  a  bond  stress 
of  86%  of  the  maximum  bond  resistance. 

A  comparison  of  the  bond  stresses  developed  in  the  beams  rein- 
forced with  1-in.  and  114-in.  plain  rounds  in  Table  30  and  Fig.  49  with 
the  pull-out  tests  on  bars  of  the  same  sizes  (the  average  of  the  lowest 
two  tests  from  each  set)  shows  values  for  the  two  kinds  of  tests  which 
are  similar  at  each  amount  of  slip  given  in  the  table  up  to  an  end  slip 
of  about  0.001  in.  The  maximum  bond  resistance  for  the  beams  in 
these  two  groups  is  about  the  same  as  the  bond  stress  developed  in  the 
corresponding  pull-out  specimens  at  a  slip  of  0.002  in.  Fig.  78  shows 
the  load-deflection  and  load-slip  curves  for  typical  beams  reinforced  with 
plain  round  bars.  The  tests  do  not  show  any  material  difference  in 
bond  unit  resistance  due  to  size  of  bar. 

A  summary  of  the  bond  stresses  developed  in  all  the  6-ft.  beams 
reinforced  with  plain  round  bars  and  loaded  at  one-third  points  is  given 
in  Table  35. 

75.  Effect  of  Vertical  Stirrups  on  Bond  Resistance. — Beam  groups 
1,  2  and  3,  in  Table  28,  may  be  used  to  see  whether  the  presence  of 
vertical  stirrups  influences  bond  resistance  in  beams  of  this  kind.  The 
beams  in  group  1  had  no  stirrups ;  those  in  groups  2  and  3  were  rein- 
forced throughout  the  outer  thirds  with  V-shaped  stirrups  of  ^-in.  and 
Vo-m.  rounds,  respectively,  spaced  6  in.  apart  as  shown  in  Fig.  2  (b). 
Each  of  these  beams  was  reinforced  with  one  1-in.  plain  round,  and  was 
tested  on  a  6-ft.  span.  The  relation  of  bond  resistance  due  to  the 
presence  of  web  reinforcement  is  not  well  defined.  The  beams  with 
y±-in.  stirrups  gave  higher  values  for  bond  resistance  at  all  stages  of 
the  tests  than  either  of  the  other  groups.  In  all  these  tests  end  slip 
of  bar  became  appreciable  at  about  65%  (range  64%  to  67%)  of  the 
ultimate  load.  At  an  end  slip  of  0.0005  in.  the  average  bond  resistance 
of  the  beams  is  82%  of  the  ultimate.  It  will  bo  seen  in  Tables  27  and 
28  that  both  the  cube  tests  and  pull-out  tests  for  the  beams  in  group  2 
indicate  a  better  quality  of  concrete  than  that  in  the  beams  of  groups 
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1  and  3.  The  results  indicate  that  bond  stress  is  the  primary  cause  of 
failure  in  all  these  tests.  Although  the  diagonal  tensile  stresses  were 
fairly  high,  it  would  appear  that  if  the  reinforcement  had  not  slipped, 
failure  by  diagonal  tension  would  not  have  occurred  until  a  higher  load 
had  been  applied.  Of  course  stirrups  of  this  kind  may  not  be  expected 
to  be  effective  when  the  bond  stresses  are  high.  Attention  is  called  to 
the  discussion  in  Art.  78. 

Load  deflection  and  load-slip  curves  for  beams  with  and  without 
stirrups  are  given  in  Fig.  78  and  79.  The  appearance  of  some  of  the 
beams  after  failure  is  shown  in  Fig.  57. 

76.  Effect  of  Depth  of  Concrete  below  the  Reinforcement. — In 
general,  the  depth  of  concrete  below  the  center  of  the  longitudinal  rein- 
forcement was  2  in.  In  two  groups  of  tests  this  depth  was  made  1  in. 
and  4  in.,  respectively;  that  is,  the  total  depth  of  the  beams  was  11  and 
14  in.,  with  the  depth  from  top  of  beam  to  center  of  bar  10  in.,  as 
usual.  These  beams  were  not  provided  with  vertical  stirrups;  they 
were  each  reinforced  with  one  1-in.  plain  round  bar  and  were  tested 
on  a  6-ft.  span.  See  groups  5  (1-in.  depth),  1  (2-in.  depth)  and  6 
(4-in.  depth),  Table  28.  It  is  seen  that  there  is  little  difference  in  the 
values  for  the  beams  with  depths  of  1  and  2  in.,  but  the  beams  with  4 
in.  of  concrete  below  the  steel  show  a  very  great  increase  in  strength. 
The  maximum  bond  resistance  for  the  1-in.  and  2-in.  depth  averaged 
356  lb.  per  sq.  in.,  while  for  the  4-in.  depth  the  maximum  was  557  lb. 
per  sq.  in.  The  load-deflection  and  load-slip  curves  for  these  beams 
are  given  in  Fig.  78.  The  deflection  of  beam  is  greatest  for  the  beams 
with  1-in.  thickness  and  least  for  those  with  4-in.  thickness.  Beams  in 
group  6  show  great  stiffness  up  to  a  load  of  about  6000  lb.  The  photo- 
graph, Fig.  58a,  shows  the  appearance  of  these  beams  after  test.  The 
numbers  opposite  the  cracks  indicate  the  growth  of  the  cracks  at  loads 
expressed  in  thousands  of  pounds.  An  interesting  feature  of  the  tests  in 
group  6  is  the  absence  of  cracks  in  the  outer  thirds  of  the  beam  length. 
It  seems  evident  that  the  anti-stretch  slip  has  occurred  from  the  cracks 
near  the  load  points  and  that  slip  has  progressed  outward  from  these 
cracks  toward  the  ends  of  the  beam  during  the  remainder  of  the  test 
instead  of  from  the  several  cracks  which  usually  appear  in  the  outer 
thirds  subsequently  in  the  tests.  The  first  end  slip  came  at  a  materially 
higher  load  in  this  group.     It  seems  probable  that  the  distribution  of 
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bond  stress  along  the  bar  beyond  the  outer  cracks  in  this  case  is  not 
materially  different  from  that  found  in  a  pull-out  test.  The  full  bond 
resistance  for  the  embedded  length  of  bar  beyond  the  crack  is  developed, 
or  at  least  that  for  a  small  amount  of  slip,  instead  of  having  part  of  the 
bond  resistance  consumed  by  stresses  in  opposite  directions  due  to  anti- 
stretch  slip.  The  presence  of  the  large  mass  of  concrete  below  the  bar 
acts  to  maintain  the  integrity  of  the  concrete;  its  total  tensile  strength 
is  greater  than  the  available  residual  resistance  to  slip  along  the  bar, 
and  hence  the  concrete  will  slip  along  the  bar,  probably  still  maintain- 
ing some  tensile  stress.  In  the  case  of  a  small  depth  of  concrete  the 
total  tensile  strength  of  the  concrete  is  insufficient  to  overcome  the  bond 
resistance,  the  concrete  breaks  in  tension  at  another  point  and  springs 
back  both  ways  from  the  point  of  rupture,  forming  a  crack.  With 
further  addition  of  load  further  slip  will  occur  at  the  crack,  and  with 
still  more  load  other  cracks  may  appear.  In  this  case  a  part  of  the 
bond  resistance  is  consumed  by  stresses  in  opposite  directions  due  to 
anti-stretch  slip  and  due  to  the  slip  the  bond  resistance  utilized  is  less. 
For  the  beams  of  ordinary  depth  in  groups  1  to  5  in  Table  28  the 
outer  cracks  at  the  ends  where  failure  occurred  cross  the  plane  of  the 
steel  at  distances  ranging  from  about  12  to  22  in.  (average  17  in.)  from 
the  end  of  the  beam.  For  the  beams  in  group  6  with  4  in.  of  concrete 
below  the  center  of  the  reinforcement,  the  principal  failure  cracks  came 
at  21  to  30  in.  (average  26  in.)  from  the  end  of  the  beam.  It  would 
appear  that  after  the  cracks  have  lengthened,  the  main  effective  bond 
resistance  lies  on  the  part  of  the  bar  between  the  outermost  crack  and 
the  end  of  the  beam. 

77.  Effect  of  Span  Length.— The  beams  in  group  11,  Table  28, 
were  loaded  with  an  8-ft.  span.  The  beams  were  reinforced  with  1^4-in. 
plain  round  bars  and  ^-in.  vertical  stirrups.  These  tests  may  be  com- 
pared with  the  beams  in  group  9,  loaded  on  a  6-ft.  span.  In  the  6-ft. 
beams  the  first  outer  cracks  appeared  at  an  average  load  of  10  700  lb., 
and  the  first  end  slip  of  bar  at  12  700  lb. ;  the  corresponding  loads  for 
the  8-ft.  beams  were  8000  lb.  and  16  000  lb.,  respectively.  These  loads 
are  significant.  The  first  outer  crack  appeared  in  both  groups  of  beams 
at  loads  corresponding  to  a  stress  of  about  13  500  lb.  per  sq.  in.  in  the 
longitudinal  steel  at  mid-span.  The  steel  stresses  at  mid-span  at  be- 
ginning of  slip  at  the  end  of  the  bar  are  about  15  600  and  26  000  lb. 
per  sq.  in.  for  the  6-ft.  and  8-ft.  beams,  respectively,  corresponding  to 
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a  computed  bond  stress  of  206  and  257  lb.  per  sq.  in.  The  average 
distances  of  the  cracks  from  the  ends  of  the  beams  were  about  17  in. 
and  25  in.,  respectively.  This  suggests  that  when  end  slip  of  bar  began 
the  main  effective  bond  resistance  for  beams  of  both  lengths  lies  princi- 
pally in  the  portion  of  the  bar  having  an  ubroken  embedment.  The 
fact  that  the  maximum  bond  resistance  for  the  8-ft.  beams  is  lower  than 
for  the  6-ft.  beams  is  probably  due  to  the  opening  of  other  outer  cracks 
than  the  first  one,  nearer  the  supports,  causing  a  further  concentration 
of  the  bond  resistance  toward  the  ends  of  the  bar. 

Tests  of  other  beams  in  which  the  span  length  varied  are  discussed 
in  Art.  86. 

78.  Effect  of  Length  of  Overhang  of  Ends  of  Beam. — It  has  been 
the  practice  at  the  University  of  Illinois  in  designing  test  beams  of 
the  kind  described  herein  to  make  the  beam  6  in.  longer  than  the  test 
span.  In  making  the  usual  calculations  of  bond  stress  no  allowance  has 
been  made  for  this  additional  3  in.  of  embedment  of  the  reinforcing 
bar.  In  order  to  study  the  effect  on  bond  resistance,  some  of  the  beams 
in  the  1911  series  were  tested  with  the  ends  overhanging  the  supports 
for  9  in.  or  15  in.,  as  shown  in  Fig.  2  (c)  and  with  the  bars  extending 
to  the  ends  of  the  beams.  1-in.  and  l^-in.  plain  rounds  and  1%-in. 
corrugated  rounds  were  used  in  these  tests;  see  groups  7,  8,  10  and  13 
in  Table  28.  Figs.  58  and  59  show  representative  beams  after  failure. 
A  summary  of  the  tests  is  given  in  Table  30.  These  beams  differed 
somewhat  in  web  reinforcement,  even  in  the  same  groups,  and  these 
differences  must  be  kept  in  mind  in  making  comparisons. 

The  effect  of  varying  the  length  of  overhang  may  be  seen  by  com- 
paring the  values  for  the  different  functions  given  in  Table  28  and  also 
the  bond  stresses  corresponding  to  different  amounts  of  end  slip  in 
the  beam  and  pull-out  tests  in  Table  30.  The  applied  loads  at  first 
outer  crack  show  whether  the  appearance  of  anti-stretch  slip  was  affected 
by  overhang.  The  applied  loads  and  the  bond  stresses  developed  at  first 
end  slip  and  at  the  maximum  load  indicate  the  influence  of  the  over- 
hang on  the  bond  resistance  of  the  beams. 

One-inch  plain  rounds  were  used  in  beams  with  the  ends  overhang- 
ing the  supports  3,  9  and  15  in.  The  tests  with  3-in.  overhang  include 
16  beams;  the  others  two  or  three  each.  114-in.  plain  rounds  were 
used  in  beams  with   3   in.   and   15   in.   overhang,   and   1%-in.   corru- 
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gated  rounds  in  beams  with  3  and  9  in.  overhang.  The  values  for  bond 
stress  given  for  these  beams  in  the  tables  have  all  been  computed  in  the 
same  way  without  reference  to  the  length  of  overhang  of  the  ends. 

A  study  of  the  data  shows  that  the  amount  of  the  overhang  of  the 
ends  had  practically  no  influence  on  the  load  causing  the  opening  of 
the  first  outer  cracks  and  that  the  load  at  which  first  outer  cracks 
appeared  was  independent  of  the  kind  and  size  of  bar.  The  load  at 
which  first  end  slip  of  bar  was  found  was  greatly  influenced  by  the  length 
of  overhang.  In  beams  without  stirrups  the  additional  overhang  seems 
to  have  little,  if  any,  effect  upon  resistance  to  diagonal  tension.  For 
the  beams  recorded  as  failing  in  diagonal  tension,  the  vertical  shear- 
ing stress  averaged  178  lb.  per  sq.  in.  for  beams  without  stirrups  and 
288  lb.  per  sq.  in.  for  beams  with  stirrups. 

The  relation  between  the  bond  stresses  is  somewhat  different  from 
that  of  the  shearing  stresses  on  account  of  the  different  diameters  of 
the  bars  used.  In  Fig.  48  the  values  of  the  computed  bond  stresses 
have  been  plotted  for  the  beams  which  were  reinforced  with  vertical 
stirrups.  It  will  be  seen  that  the  beams  with  9-in.  and  15-in.  overhang 
developed  a  considerably  higher  computed  bond  stress  than  the  beams 
with  3-in.  overhang.  If  we  reduce  the  computed  bond  stresses  in  these 
beams  by  considering  that  the  bond  stress  at  any  load  is  uniformly 
distributed  over  the  overhanging  portion  of  the  bar  in  the  same  way  as  is 
assumed  for  the  outer  thirds  of  the  span  (equivalent  to  multiplying  the 
computed  bond  stress  in  beams  with  3-in.  overhang  by  24/27,  that  in 
beams  with  9-in.  overhang  by  24/33,  and  that  in  beams  with  15-in. 
overhang  by  24/39),  it  will  be  found  that  such  corrected  bond  stresses 
will  generally  be  greater  for  the  longer  overhangs.  It  should  be  noted 
that  this  method  of  correcting  the  bond  stresses  is  subject  to  error  in 
one  respect,  since  slip  was  measured  at  the  ends  of  the  bars  in  all  cases. 
The  beginning  of  end  slip  with  15-in.  overhang  may  be  expected  to 
represent  quite  a  different  state  of  stress  in  the  beam  proper  than  exists 
in  a  beam  with  3-in.  overhang  when  end  slip  begins. 

79.  Bond  on  Corrugated  Bars. — 1%-in.  corrugated  round  bars  were 
used  for  longitudinal  reinforcement  in  6  beams  of  the  1911  series — 
groups  12  and  13.  These  tests  were  referred  to  in  the  preceding  articles; 
they  will  be  included  also  in  the  discussion  of  similar  tests  from  the  1912 
beam  series,  Art.  85. 
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80.  Bond  Resistance  in  1911  Beam  and  Pull-out  Tests. — Table  30 
gives  a  summary  of  the  bond  stresses  in  the  1911  beam  and  pull-out 
tests.  The  load-slip  curves  for  many  of  these  groups  have  been  plotted 
in  Fig.  49.  As  noted  in  Art.  73  the  average  stresses  from  the  lowest 
two  from  each  set  of  three  pull-out  specimens  is  used  in  all  comparisons 
between  the  beam  and  pull-out  tests.  For  the  1-in.  plain  rounds  in 
beams  with  3  in.  overhang  the  bond  stress  up  to  an  end  slip  of  0.001 
in.  is  about  the  same  as  for  the  pull-out  specimens  for  the  same  end 
slip.  The  bond  stress  at  an  end  slip  of  0.001  in.  is  93%  of  the  maxi- 
mum bond  resistance  for  the  beam  tests  and  72%  for  the  pull-out  tests. 
The  1  and  l^-in.  plain  rounds  give  nearly  identical  values  in  the  pull- 
out  tests.  It  should  be  borne  in  mind  that  with  the  uneven  distribu- 
tion of  bond  stress  developed  in  beam  tests  the  bond  stress  developed 
with  a  given  end  slip  is  dependent  upon  the  relative  dimensions  of  bar 
and  beam  and  hence  that  the  relation  between  the  values  of  bond  in 
beam  tests  and  in  pull-out  tests  here  given  may  be  to  a  certain  extent 
accidental. 

In  the  tests  with  1%-in.  plain  rounds  the  6-ft.  beams  with  3-in. 
overhang  gave  values  which  are  somewhat  lower  than  the  values  from 
the  pull-out  specimens  at  the  earlier  stages  of  the  tests;  at  the  maximum 
load  the  average  computed  beam  bond  stress  is  87%  of  the  maximum 
bond  resistance  found  in  the  pull-out  tests. 

For  the  1%-in.  corrugated  round  bars  the  bond  stresses  in  the  beam 
tests  at  end  slips  up  to  0.005  in.  are  higher  than  in  the  pull-out  tests  for 
the  same  end  slip.  The  maximum  bond  stresses  in  the  two  forms  of 
specimen  can  not  be  compared  directly,  since  part  of  the  pull-out  speci- 
mens were  reinforced  against  bursting;  in  the  one  set  not  so  reinforced 
the  maximum  bond  resistance  was  471  lb.  per  sq.  in.  as  compared  with 
496  lb.  per  sq.  in.  in  the  beam  tests.  The  corrugated  bars  in  the  beam 
tests'  give  stresses  which  are  about  intermediate  between  those  for  the 
1-in.  and  the  l^-in.  plain  rounds  for  end  slip  less  than  about  0.002  in. 
The  maximum  bond  resistance  for  the  corrugated  bars  is  about  25% 
higher  than  for  the  plain  rounds. 

Considering  the  pull-out  tests  only,  the  plain  rounds  give  higher 
bond  resistances  than  the  corrugated  rounds  for  all  stages  of  the  test 
up  to  the  end  slip  which  corresponds  to  the  maximum  bond  resistance 
in  the  plain  bars.  A  discussion  of  the  relation  of  bond  resistance  in 
beams  and  pull-out  specimens  from  another  series  of  tests  is  given  in 
Art.  92. 
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81.  Outline  of  Series. — Sixty-three  reinforced  concrete  beams  were 
included  in  the  1912  series.  Generally  the  span  length  was  6  ft.;  one 
group  of  beams  was  tested  on  each  of  the  following  spans:  5,  7  and  8 
ft. ;  four  groups  were  tested  on  a  10-ft.  span.  The  loads  were  generally 
applied  at  the  one-third  points;  groups  of  6-ft.  beams  were  tested  with 
two  symmetrical  loads  spaced  the  following  distances  apart:  2,  21/9, 
3,  3y2  and  4  ft.  Plain  round,  plain  square,  twisted  square,  and  corru- 
gated round  bars  were  used  for  longitudinal  reinforcement.  In  all  but 
six  of  the  beams  the  longitudinal  reinforcement  consisted  of  a  single 
bar.  Three  beams  were  reinforced  with  four  %-in.  and  three  with 
three  %-in.  plain  rounds. 

The  beams  in  this  series  were  made  in  groups  of  three;  the  first 
beam  in  each  group  was  made  of  hand-mixed  concrete,  the  remainder  of 
machine-mixed  concrete.  All  the  beams  were  provided  with  vertical  stir- 
rups of  %-in.  rounds.  In  the  beams  reinforced  with  a  single  longi- 
tudinal bar,  the  stirrups  were  V-shaped;  in  the  other  beams  U-shaped 
stirrups  were  used.     See  Fig.  2.     The  average  age  at  test  was  63  days. 

Pull-out  specimens  and  6-in.  cubes  were  made  with  nearly  all  of 
the  beams.  The  pull-out  specimens  were  stored  in  the  open  air  with 
the  beams;  the  cubes  were  stored  in  damp  sand. 

Details  of  the  make-up  of  the  beams,  their  dimensions,  the  materials 
used  and  data  on  the  strength  of  the  concrete  will  be  found  in  Table  31. 
Table  32  gives  data  of  the  tests  and  some  of  the  calculated  stresses  in 
the  beams,  as  well  as  notes  on  the  failures.  The  bond  stresses  corre- 
sponding to  given  amounts  of  end  slip  for  both  beam  and  pull-out  tests 
will  be  found  in  Table  33.  A  summary  of  the  bond  stresses  developed 
in  this  series  of  tests  is  given  in  Table  34. 

In  comparing  the  results  of  pull-out  tests  for  the  square,  twisted 
and  the  deformed  bars  in  this  series  with  those  made  earlier  it  should 
be  borne  in  mind  that  the  concrete  cylinders  in  this  series  were  not 
reinforced  against  bursting. 

82.  Bond  Resistance  with  Plain  Round  Bars. — Thirty-seven  beams 
in  the  1912  series  wore  reinforced  with  1-in.  plain  round  bars.  The 
tests  to  determine  the  effect  of  span  length,  effect  of  variation  in  the 
position  of  the  loads,  and  on  the  sizes  of  bar  are  discussed  elsewhere. 

Table  35  gives  ;i  summary  of  the  results  of  tests  of  6-ft.  beams 
reinforced  with   1   and   H'j-in.  plain  round  liars  from  the  series  of  1900, 
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1911  and  1912.  The  1909  tests  gave  lower  values  than  the  other  series, 
but  the  concrete  was  of  lower  strength,  as  may  be  seen  from  the  cube 
tests.  All  but  one  of  the  beams  included  in  this  table  failed  in  bond. 
Disregarding  the  differences  in  the  age  of  the  beams,  the  mean  values 
for  bond  resistances  are  found  as  given  in  the  table.  First  slip  of  bar 
was  measured  at  the  end  of  the  beam  at  a  mean  bond  stress  of  236  lb. 
per  sq.  in. — 66%  of  the  maximum  bond  resistance.  The  mean  bond 
stress  at  an  end  slip  of  0.001  in.  for  the  beams  in  these  three  series  was 
324  lb.  per  sq.  in. — 91%  of  the  maximum  bond  resistance.  The  mean 
maximum  bond  resistance  for  the  34  beams  considered  was  356  lb.  per 
sq.  in.  These  values  seem  to  be  representative  for  the  conditions  present 
in  the  tests.  However,  it  should  be  noted  that  the  bond  resistance 
developed  in  beams,  as  given  by  the  ordinary  methods  of  computation, 
appears  to  be  dependent  upon  the  relation  of  size  of  bar  to  the  dimen- 
sions of  the  beam  and  to  the  span  length  and  that  the  computed  values 
found  in  these  tests  may  not  apply  to  bars  of  smaller  diameters  or  to 
beams  of  other  size  and  span. 

83.  Bond  Resistance  with  Plain  Square  Bars. — Six  beams  were 
reinforced  with  1-in.  plain  square  bars.  In  group  29  the  bars  were 
placed  with  their  sides  horizontal;  in  group  30  the  bars  were  placed  with 
a  diagonal  line  horizontal.  Comparing  the  bond  stresses  in  the  beam 
and  pull-out  tests  for  groups  29  and  30  in  Table  32  and  in  the  sum- 
mary, Table  34,  it  will  be  seen  that  while  the  bars  placed  with  a  diagonal 
horizontal  give  a  higher  bond  resistance,  the  pull-out  and  cube  tests 
show  that  on  the  average  the  concrete  in  the  second  group  of  tests  was 
inferior  in  strength  to  that  in  the  first  group.  Beam  No.  1046.5  gave 
abnormally  low  bond  resistance.  It  is  probable  that  no  difference  in 
bond  resistance  can  be  ascribed  to  the  difference  in  the  position  of  the 
bars. 

The  bond  stresses  at  various  end  slips  in  the  beams  reinforced 
with  1-in.  square  bars  are  about  75%  of  those  for  similar  beams  rein- 
forced with  1-in.  rounds.  See  groups  14-15  and  29  and  30,  Tables  32 
and  34.  A  comparison  of  the  pull-out  tests  gives  about  the  same 
relation.  End  slip  of  bar  begins  in  the  pull-out  tests  at  a  lower  stress 
than  in  the  beam  tests;  at  a  slip  of  0.001  in.  the  stresses  are  about  the 
same.  At  the  maximum  loads  the  calculated  bond  stresses  in  the  beams 
average  86%  of  those  in  the  pull-out  tests.  This  is  about  the  same  ratio 
as  for  the  tests  with  1-in.  round  bars  in  this  series. 
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TABLE  31. 
Data  of  Reinforced  Concrete  Beams — 1912  Series. 

1-2-4  concrete;  Universal  portland  cement,  sand,  and  crushed  limestone.  The 
concrete  for  the  first  beam  of  each  group  was  mixed  by  hand;  all  others  were  machine- 
mixed. 

All  beams  were  8  in.  wide;  total  depth  12  in.;  depth  to  center  of  steel,  10  in. 

Each  beam,  except  those  in  Groups  27  and  28,  was  reinforced  with  a  single  longitudi- 
nal bar.  All  beams  were  provided  with  vertical  stirrups  of  3^-in-  plain  rounds,  spaced 
6-in.  apart,  outside  the  load  points.     See  Fig.  2  (f). 


Group 


18 


20 


23 


Beam 
No. 


1052.1 
1052.2 
1052.3 


1056.2 
1056.3 

1052.4 
1052.5 
1052.6 

1057.1 

1057.2 
1057.3 

1058.1 
1058.2 
1058.3 

1059.1 
1059.2 
1059.3 

1060.1 
1060.2 
1060.3 

1051.1 
1051.2 
1051.3 

1053 . 1 
1053.2 
1053.3 

1054.1 
1054.2 
1054.3 


Length 
feet 


6H 
64 
6M 


64 
64 
64 

64 

64 
64 

64 
64 

64 
64 
64 

64 
64 
64 


5H 

54 
54 

74 
74 
74 

84 
84 

84 


Longitudinal  Reinforcement 


Size  and  Kind  of  Bar 


1-in.  plain  round 

1-in.  plain  round 

1-in.  plain  round 

1-in.  plain  round 

1-in.  plain  round 

1-in.  plain  round 

1-in.  plain  round 
4    5i-in.  auxiliary  bare 
at  each  end  of  beam — 

1-in.  plain  round 

1-in.  plain  round 

1-in.  plain  round 

1-in.  plain  round 

1-in.  plain  round 

1-in.  plain  round 

1-in.  plain  round 

1-in.  plain  round 

1-in.  plain  round 

1-in.  plain  round 

1-in.  plain  round 

1-in.  plain  round 

1-in.  plain  round 

1-in.  plain  round 

1-in.  plain  round 

1-in.  plain  round 

1-in.  plain  round 

1-in.  plain  round 

1-in.  plain  round 

1-in.  plain  round 

1-in.  plain  round 


Per 

cent 


0.98 
0.98 
0.98 

0.98 

0.98 
0.98 

0.98 
0.98 
0.98 

0.98 

0.98 
0.98 

0.98 

0.98 
0.98 

0.98 

0.98 
0.98 

0.98 
0.98 
0.98 

0.98 
0.98 
0.98 

0.98 
0.98 
0.98 

0.98 
0.98 
0.98 


Beam 
from 
same 
Batch 


1051.1 

1057^3 

(1057. 1\ 
11058.1/ 

1047.2 

1055.1 

1058^3 

/ 1056. 11 
\ 1058.1/ 

1052^3 

/ 1056.1\ 
\ 1057.1/ 

1052 '6 

/ 1061. 1\ 
\1048.1/ 

1062  3 

(1059  11 
11048.1/ 
1055.5 
/ 1063. 31 
11064.3/ 

1052.1 

i053  ^  3 

1050.4 
105L3 
1046.1 
106L6 


Mixture 
by  Weight 


1-1.95-3.34 
1-1.95-3.34 
1-1.93-3.23 

1-1.94-3.29 
1-2.00-3.20 
1-2.00-3.36 

1-2.07-3.48 
1-1.92-3.20 
1-1.93-3.32 

1-1.94-3.29 

1-1.98-3.34 
1-1.93-3.23 

1-1.94-3.29 

1-1.96-3.27 
1-1.93-3.32 

1-2.07-3.46 

1-1.99-3.32 
1-1.92-3.31 

1-2.07-3.46 
1-2.01-3.23 
1-1.98-3.30 

1-1.95-3.34 
1-1.94-3.26 
1-1.98-3.28 

1-1.95-3.09 
1-1.98-3.15 
1-1.98-3.29 

1-1.93-3.26 
1-1.96-3.28 
1-1  98-3  30 


Compression  Tests  of 
6-in.  Cubes* 


Age 
days 


62 


Average  of  3 

Tests 
lb.  per  sq.  in. 


2120 
2730 


2140 
3500 

2065 
2640 
2960 

2140 


2140 

2730 
2960 


2800 
2600 

2680 
3140 
3250 

2)20 
2800 
2760 

2170 
2200 


2580 
2800 
2870 


*  The  average  compressive  strength  of  36  6-in.  cubes  of  hand-mixed  concrete  was  2200  lb.  per  sq.  in. 
cubes  of  machine-mixed  concrete,  2800  lb.  per  sq.  in. 

(Table  31  continued  on  page  154) 
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TABLE  32. 
Tests  of  Reinforced  Concrete  Beams — 1912  Series. 

All  beams  had  3  in.  overhang  at  each  end. 

In  computing  unit  stresses  the  weight  of  the  beam  was  considered. 

Loads  are  given  in  pounds;  stresses  are  given  in  pounds  per  square  inch. 


Group 


Beam 
No. 


1052.1 
1052.2 
1052.3 

Av. 

1056.1 
1056.2 

1056.3 

Av. 

1052.4 
1052.5 
1052.6 

Av. 

1057.1 
1057.2 
1057.3 

Av. 

1058.1 
1058.2 
1058.3 


1059.1 
1059.2 
1059.3 


1060.1 
1060.2 
1060.3 

Av. 

1051 . 1 
1051.2 
1051.3 

Av. 

1053.1 
1053.2 

1053.3 

Av. 

1054.1 
1054.2 
1054.3 

Av. 


Test 
Span 
feet 


Dis- 
tance 

be- 
tween 
Loads 

feet 


2»2 

2H 


3'2 

3>2 

31, 


Age 
at 

Test 
days 


Load 

at 
First 
Outer 
Crack 


At  First  Slip 
of  End  of  Bar 


2H 
2V3 


2H 
2% 
2H 


63 


65 


000 
11  000 
6  000 


000 
11  000 
16  000 


301) 


14  000 
000 


10  000 


10  000 

14  000 
10  000 
10  000 


11  300 

8  000 

8  000 

8  000 


8  000 


8  000 
6  000 


7  000 
26  000 
14  000 


20  000 


21  000 
21  000 


63 


21  000 

8  000 

6  000 
8  000 

7  300 

8  000 
8  000 

8  000 


Ap- 
plied 
Load 


11  700 


13  000 
12  500 


13  500 


13  000 

18  000 
11  500 

14  000 


14  500 

12  000 

13  000 
13  000 


12  700 

14  000 
10  000 

13  000 


12  300 

12  000 

10  000 

12  000 


11  300 

16  000 
18  000 

17  000 


17  000 

16  000 

13  000 

15  000 


13  700 

(No  re 
12  000 

16  000 


8  000 

6  000 
5  000 
8  000 


10  000 

12  000 

13  000 


6  300 12  000 


Com- 
puted 
Bond 

Stress 


154 
211 
307 


940 
18  000 
20  000 


224 


250 

240 


260 


250 

347 

220 
269 


279 

231 
250 
250 


244 

272 
198 
254 


235 
198 
235 


223 

309 
347 

329 


328 

290 
252 
290 

277 

idings; 
236 

310 


At  Maximum  Load 


Ap- 
plied 
Load 


Tensile 
Stress 


Steel 


36  800 
33  200 
36  800 


19  300 


15  750 
19  700 


21  000 


18  800 

20  600 
18  500 
18  800 


19  300 

19  500 
19  100 
25  000 


21  200 

18  900 
14  000 
18  600 


17  200 


24  400 


900 


(lOd 


35  600 


29  200 
36  300 


38  600 


34  700 

37  900 
34  100 
34  700 


35 

31  400 
30  800 
40  000 


34  100 

26  100 
19  500 
25  700 


23  800 

38  400 
20  400 
25  200 


28  000 

29  100 
22  600 
27  400 


Verti- 
cal 

Shear- 
ing 

Stress 


149 
136 
150 


145 


119 
149 


158 


142 

155 
139 
142 


145 

147 
144 

187 


142 

106 
140 


129 

251 
134 
165 


183 

238 
185 
224 


26  400 

25  800 
30  600 
100  30  800 


210 
227 
256 


000 


18  400 


17  400 

16  000 
15  100 
15  400 


231   15  500  38  600 


29  100 


37  000 
36  000 


39  800 


37  600 

40  000 

37  800 

38  500 


215 

128 
151 

152 


144 


139 


117 


Com- 
puted 
Bond 

Stress 


383 
347 
385 


372 


305 
379 


403 


362 

395 
356 
383 


372 

375 

368 
478 


407 

364 

272 
359 


332 

642 
341 
421 


472 
573 


551 

324 
383 
385 


Maxi- 
mum 
Bond 
Resist- 
ance 
in 
Pull- 
out 
Tests 


356 
405 


395 


454 
392 


443 


430 

443 
415 

381 


413 
323 

322 


322 

454 

252 
381 


Failure  of  Beam 


Bond  at  S.  end 
Bond  at  N.  end 
Tension  in  steel 


Bond  at  N.  end 
Bond  and  tension 

in  steel 
Bond  at  N.  end 


Bond  at  N.  end 
Bond  at  N.  end 
Bond  at  S.  end 


Bond  at  N.  end 
Bond  at  S.  end 
Tension  in  steel 


Bond  at  N.  end 
Bond  at  both  ends 
Bond  at  N.  end 


Bond  at  N.  end 
Bond  at  S.  end 
Bond  at  N.  end 


331 
322 


356 
336 


312 
296 
301 


504 

591 
599 
579 


386 
342 


403 

366 
400 


459 
525 


527 


Bond  at  S.  end 
Bond  at  S.  end 
Bond  at  N.  end 


Bond  at  S.  end 
Bond  at  S.  end 
Bond  at  N.  end 


Tension  in  steel 
Bond  and  tension 

in  steel 
Tension  in  steel 


Tension  in  steel 
Tension  in  steel 
Tension  in  steel 


(Table  32  continued  on  page  155.) 
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TABLE  31 — Continued  from  page  152. 
Data  of  Reinforced  Concrete  Beams — 1912  Series. 


Group 

Beam 
No. 

24 

1055.1 
1055.2 
1055.3 

25 

1055.4 
1055.5 
1055.6 

26 

1055.7 
1055.8 
1055.9 

27 

1050.4 
1050.5 
1050.6 

28 

1050.1 
1050.2 
1050.3 

1046.1 

29 

1046.2 

1046.3 

1046.4 

30 

1046.5 

1046.6 

1047.1 

31 

1047.2 

1047.3 

1048.1 

32 

1048.2 
1048.3 

33 

1048.4 
1048.5 
1048.6 

34 

1049  1 
1049  2 
1049  3 

Length 
feet 


10H 

10H 
10H 

10H 

10H 
10H 

10M 
10H 

ioy2 


m 
&y2 
m 

6H 


0'2 

6H 
6M 

r,'., 
ti>., 

10'  2 

10'.. 


Longitudinal  Reinforcement 


Size  and  Kind  of  Bar 


1-in.  plain  round. 
1-in.  plain  round. 
1-in.  plain  round. 

1-in.  plain  round. 
1-in.  plain  round. 
1-in.  plain  round. 

1-in.  plain  round. 
1-in.  plain  round. 
1-in.  plain  round. 


4  54-in.  plain  rounds. 

4  Ys-'m.  plain  rounds. 

4  iHs-in.  plain  rounds. 

3  M-in.  plain  rounds. 

3  %-in.  plain  rounds. 

3  M-in.  plain  rounds. 


1-in.  square  bar 

(Side  horizontal) 
1-in.  square  bar 

(Side  horizontal) 
1-in.  square  bar 

(Side  horizontal) 


1-in.  square  bar 

(Placed  on  edge) 
1-in.  square  bar 

(Placed  on  edge) 
1-in.  square  bar 

(Placed  on  edge) 

1-in.  twisted  square  bar. . 

(1  twist  per  lineal  ft.) 
1-in.  twisted  square  bar.. 

(1  twist  per  lineal  ft.) 
1-in.  twisted  square  bar.. 

(1  twist  per  lineal  ft.) 

lH-in-  corrugated  round 
V/i-in.  corrugated  round 
lH-in.  corrugated  round 

lVfl-in.  corrugated  round 
1  ^-in.  corrugated  round 
1 '  ^-in.  corrugated  round 

1  H-m.  corrugated  round 
1 '  v-in.  corrugated  round 
1'  s-\n.  corrugated  round 


Per 

cent 


0.98 
0.98 
0.98 

0.98 
0.98 
0.98 

0.98 
0.98 
0.98 

1.53 
1.53 
1.53 


1.66 
1.66 

1.25 

1.25 

1.25 

1.25 
1.25 
1.25 

1.25 
1.25 
1.25 

1.24 


1   24 

:  1 24 

1  24 


Beam 
from 


Batch 


1052.4 


1048.4 
1060.2 


1050.1 

1053.1 
i06L3 
1055.7 
i047i3 
1054.1 

1048.3 
1047.1 

1048.6 

1046.4 
1056.3 
1050.3 

1059  1\ 
1060.1/ 

1046  3 

1055.4 

1046  6 


Mixture 
by  Weight 


1-2.07-3.48 
1-1.99-3.28 
1-1.98-3.37 

1-2.03-3.28 
1-2.05-3.13 
1-1.97-3.27 

1-2.01-3.32 
1-2.05-3.44 
1-1.99-3.31 

1-1.95-3.09 
1-2.02-3.14 
1-1.95-3.32 

1-2.01-3.32 
1-2.02-3.29 
1-1.95-3.36 

1-1.93-3.26 

1-1.91-3.20 

1-1.93-3.25 


1-1.96-3.29 
1-1.96-3.35 
1-1.98-3.39 

1-1.96-3.29 
1-1.98-3.34 
1-1.95-3.36 


1-2.07-3.46 

1-1.96-3.24 
1-1.91-3.30 

1-2.03-3.28 
1-2.05-3.19 
1-1.98-3.34 

1-1  97-3.28 
1-2.01-3.19 
1-1.95-3.32 


Compression  Teste  of 
6-in.  Cubes* 


Age 
days 


Average  of  3 

Tests 
lb.  per  sq.  in. 


2065 


1940 


2220 
2980 
2870 

2170 
2700 
2390 

2220 
3290 


2580 
3790 
2800 

2190 
1890 
2080 

2190 
2980 
2670 

2680 
3150 


1940 
3260 


2420 
2440 


*  The  average  compressive  strength  of  36  6-in.  cubes  of  hand-mixed  concrete  was  2200  lb.  per  sq.  iD.;  of  93  cubes 
of  mnchinc-mixed  concrete,  2800  lb.  per  sq.  in. 


ABRAMS TESTS  OF   BOND  BETWEEN   CONCRETE  AND  STEEL 
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TABLE  32 — Continued  from  page  153. 
Tests  of  Reinforced  Concrete  Beams — 1912  Series. 


Beam 

No. 

Test 
Span 

feet 

Dis- 
tance 

be- 
tween 
Loads 

feet 

Age 

at 

Test 

days 

Load 

at 
First 
Outer 
Crack 

At  Fir 
of  End 

Ap- 
plied 
Load 

3t  Slip 
of  Bar 

Com- 
puted 
Bond 

Stress 

At  Maximum  Load 

Maxi- 
mum 
Bond 
Resist- 
ance 

in 
Pull- 
out 
Tests 

Group 

Ap- 
plied 
Load 

Tensile 
Stress 

in 
Steel 

Verti- 
cal 

Shear- 
ing 

Stress 

Com- 
puted 
Bond 

Stress 

Failure  of  Beam 

24 

1055.1 
1055.2 
1055.3 

Av. 

1055.4 
1055.5 
1055.6$ 

Av. 

1055.7 

1055.8* 

1055.9° 

1050.4 
1050.5 
1050.6 

Av. 

1050.1 
1050.2 
1050.3 

Av. 

1046.1 
1046.2 
1046.3 

Av. 

1046.4 
1046.5 
1046.6 

Av. 

1047.1 
1047.2 
1047.3 

Av. 

1048.1 
1048.2 
1048.3 

Av. 

1048.4 
1048.5 
1048.6 

Av. 

1049.1 
1049.2 
1049. 31 

10 
10 
10 

3H 

3M 

64 

60 

2yr. 

4  500 
4  000 
4  000 

(No  en 
12  000 
10  400 

d  slip) 
240 
205 

12  300 
12  300 
11  100 

39  300 
39  300 
34  300 

94 
94 
86 

242 
246 
220 

443 
560> 

Tension  in  steel 
Tension  in  steel 
Tension  in  steel 

4  000 

4  000 
4  000 
4  000 

11  200 

10  800 
9  500 
10  400 

222 

218 
190 
215 

11  900 

10  800 
9  900 

12  100 

37  600 

34  800 
32  200 

38  700 

91 

83 
76 
92 

236 

218 
201 
236 

501 

459 
599 
497t 

25 

10 
10 

10 

3M 
3^ 
3M 

64 
65 
2yr. 

Tension  in  steel 
Tension  in  steel 
Tension  in  steel 

4  000 

4  000 
4  000 
4  000 

10  000 
12  000 
8  000 

10  800 

12  100 
10  000 
12  000 

24  000 

19  000 

20  000 

208 

242 
203 
240 

195 
156 
164 

10  900 

12  100 
12  800* 
16  000° 

33  700 

34  000 
27  900 

35  200 

38  700 
24  300 
30  200 

40  300 
40  700 
33  500 

84 

92 
97 
121 

259 
261 
215 

218 

242 
255 
315 

269 
271 
225 

518 

562 
415 
349 

405 
591 
503 

26 
27 

10 
10 
10 

6 
6 
6 

3H 

6 

6 

2 
2 
2 

62 
93 
85 

60 
62 
60 

Tension  in  steel 
Bond  at  S.  end 
Bond  at  S.  end 

Tension  in  steel 
Tension  and  bond 
Bond  at  N.  end 

61 

61 
62 

57 

10  000 

12  000 
12  000 
10  000 

21  000 

24  000 
20  000 
19  000 

172 

217 
183 
174 

31  900 

34  500 
26  000 
31  200 

38  200 

38  600 
29  200 
34  900 

245 

265 
201 
241 

255 

308 
235 

278 

500 

524 
519 
642 

28 

6 
6 
6 

2 
2 
2 

Bond  at  S.  end 
Bond  at  N.  end 
Bond  at  S.  end 

60 

62 
62 
57 

11  300 

8  000 
10  000 
10  000 

21  000 

11  000 
11  000 
14  000 

191 

174 
174 

219 

30  600 

19  000 

19  300 

20  500 

34  200 

27  800 

28  200 
30  000 

235 

146 
148 
157 

274 

293 
298 
316 

562 

336 

287 
465 

29 

6 
6 
6 

2 
2 
2 

Bond  at  S.  end 
Bond  at  S.  end 
Bond  at  S.  end 

60 

61 
62 
64 

9  300 

6  000 
8  000 
10  000 

12  000 

12  000 
11  000 

13  000 

189 

189 
177 
204 

19  600 

20  000 
12  000 
16  700 

28  700 

29  200 
17  800 

24  500 

150 

154 
94 
129 

302 

308 
188 
263 

363 

340 
275 
325 

30 

6 
6 
6 

2 
2 
2 

Bond  at  S.  end 
Bond  at  N.  end 
Bond  at  N.  end 

62 

62 
65 
60 

8  000 

11  000 
6  000 
6  000 

12  000 

15  000 
15  000 
12  500 

190 

237 
233 
196 

16  200 

21  800 
23  400 
20  600 

23  800 

31  800 
34  100 
30  100 

129 

167 
179 
158 

253 

335 
359 
317 

313 

447 
510 
443 

31 

6 
6 
6 

2 
2 
2 

Bond  at  N.  end 
Bond  at  N.  end 
Bond  at  N.end 

62 

70 
59 
60 

7  700 

13  000 

8  000 
8  000 

14  200 

15  000 
15  000 
18  000 

222 

258 
258 
310 

21  900 

31  550 

27  600 

28  300 

32  000 

48  000 

40  300 

41  300 

168 

239 
209 
215 

337 

541 
475 
486 

467 

781 
652 
696 

32 

6 
6 
6 

2 
2 
2 

Bond  at  N.  end 
Bond  at  N.  end 
Bond  at  S.  end 

63 

62 
63 
64 

9  700 

8  000 
8  000 
8  000 

16  000 

12  000 
14  000 

17  000 

275 

206 
240 
292 

29  100 

28  000 
27  700 
25  000 

41  900 

40  800 
40  500 
36  600 

231 

210 
209 
191 

501 

482 
477 
431 

710 

721 
706 
614 

33 

6 
6 
6 

2 
2 

2 

Bond  at  S.  end 
Bond  at  N.  end 
Bond  at  N.  end 

63 

61 

63 

400 

8  000 

6  000 
8  000 

14  300 

18  000 

15  000 

16  000 

246 

310 
258 
275 

26  900 

21  000 
21  100 
23  200 

39  300 

52  500 
52  700 
58  300 

203 

160 
161 
175 

463 

369 
371 
400 

680 

587 
521 
619 

34 

10 
10 
10 

3H 

3H 

Tension  in  steel 
Tension  in  steel 
Tension  in  steel 

*  A  load  of  10  000  lb.  (which  caused  a  slip  of  0.0002  in.  at  S.  end),  was  maintained  for  32  days;  the  load  was 
then  gradually  increased  until  the  bar  pulled  out  on  the  60th  day  at  12  800  lb.    See  Art  90. 

°  A  load  of  16  000  lb.  (which  caused  a  slip  of  0.0002  in.  at  S.  end),  was  maintained  till  the  bar  pulled  out. 
See  Art  90. 

t  Tested  at  about  80  days. 

t  Each  load  was  released  before  a  higher  load  was  applied.    See  Fig.  64  and  07. 
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84.  Bond  Resistance  with  Twisted  Square  Bars. — The  beams  in 
group  31  were  reinforced  with  one  1-in.  twisted  square  bar.  These  bars 
were  twisted  cold  (one  twist  per  lineal  foot)  from  the  same  stock  as 
was  used  in  the  beams  reinforced  with  plain  square  bars.  Three  pull- 
out  specimens  were  made  for  each  of  the  beams;  the  blocks  were  not 
reinforced  against  bursting.  At  an  end  slip  of  0.0005  in.  the  bond 
stresses  were  254  and  266  lb.  per  sq.  in.  for  the  beam  tests  and  pull-out 
tests,  respectively.  Table  36  gives  a  summary  of  the  bond  stresses 
developed  in  the  tests  with  twisted  square,  plain  square,  and  plain  round 
bars  in  the  1912  series. 

For  the  two  stages  of  the  tests  included  in  the  table  the  twisted 
bars  give  values  about  20%  higher  than  the  plain  squares  in  the  beam 
tests  and  about  34%  higher  in  the  pull-out  tests.  The  values  for  the 
twisted  bars  are  about  12%  lower  than  the  plain  rounds  in  the  beam 
tests;  in  the  pull-out  tests  the  twisted  bars  are  8%  lower  than  the  plain 
rounds  at  a  slip  of  0.001  in.  and  show  about  the  same  difference  at  the 
maximum.  The  maximum  load  for  the  pull-out  tests  with  the  square 
twisted  bars  came  at  a  slip  of  about  0.1  in.  and  was  accompanied  by 
the  bursting  of  the  concrete  blocks  while  the  maximum  load  for  the 
plain  rounds  came  at  a  slip  of  about  0.01  in.  The  bond  stresses  for 
the  square  twisted  and  the  plain  round  bars  at  a  slip  of  0.01  in.  were 
407  and  408  lb.  per  sq.  in.,  respectively.  These  values  are  about  the 
same  as  the  maximum  bond  stresses  for  the  plain  rounds  in  the  1909 
pull-out  tests  (see  Table  14). 

Load-deflection  and  load-slip  curves  for  these  beams  are  given  in 
Fig.  85.  It  is  seen  that  after  end  slip  of  about  0.001  in.  is  developed 
the  action  of  the  beams  with  twisted  bars  is  quite  similar  to  that  in 
beams  with  plain  square  bars. 

Beam  No.  118,  series  of  1909  (see  Fig.  77),  reinforced  with  one 
1-in.  twisted  square  bar  acted  in  much  the  same  way  as  the  beams 
just  discussed,  except  that  after  an  end  slip  of  0.004  in.  the  bond  re- 
sistance began  to  increase  and  a  second  maximum  load  about  3000  lb. 
higher  than  the  first  was  carried.  This  phenomenon  is  similar  to  that 
observed  in  pull-out  tests  of  twisted  square  bars  as  described  in  Art.  41. 

85.  Bond  Resistance  ivith  Corrugated  Bars. — Six  6-ft.  beams  and 
three  10-ft.  beams  were  reinforced  with  1%-in.  corrugated  rounds 
(groups  32,  33  and  34).  All  the  6-ft.  beams  gave  bond  failures;  the 
10-ft.  beams  failed  in  tension. 


160 


ILLINOIS  ENGINEERING   EXPERIMENT  STATION 


TABLE  34. 

Summary  of  Bond  Stresses  in  Beam  and  Pull-out  Tests- 

1912  Series. 

Stresses  are  given  in  pounds  per  square  inch. 


Group 


Characteristics 


No. 
of 

Testa 

Age 
at 

Test 
days 

Bond  Stress  at  EndSlip 
(inches) 

of 

.0002 

.0005 

.001 

.002 

.005 

.01 

Computed 

Bond 

Stress  at 

Maximum 

Load 


Beam  Tests;  1-in.  Plain  Rounds. 


22 
23 

24-26 
26 


14-16      6-ft.  span;    Loads    2     ft.  apart. 


6-ft.  span;  Loads  IVi  ft.  apart. 

6-ft.  span;  Loads  3     ft.  apart. 

6-ft.  span;  Loads  3M  ft.  apart. 

6-ft.  span;  Loads  4     it.  apart 

5-ft.  span;  Loads  \%  ft.  apart. 

7-ft.  span;  Loads  2J^  ft.  apart. 

8-ft.  span;  Loads  2%  ft.  apart. 

10-ft.  span;  Loads  3>6  ft.  apart. 

10-ft.  span;  Loads  6     ft.  apart. 


9 

3 
3 
3 
3 

3 

3 
3 

7 

2 

64 

65 
66 
62 
64 

64 

63 

62 

89 

251 

247 
241 
223 
328 

277 

273 
231 
218 

222 

312 

334 

277 
275 
431 

312 

310 

345 

398 
288 
347 

307 
401 

334 

259 

Pull-out  Tests:  1-in.  Plain  Rounds. 


14-26 


27 


28 


Lowest  two  from  each  set  of  three  tests. 

All  pull-out  tests 

Highest  from  each  set 

Lowest  from  each  set 


fir, 


144 
158 
192 
123 


306 
319 

347 
289 


362° 

389 

377 

408 

413 

450 

340 

368 

41(1 
434 
180 

384 


417 

447 
401 

392 


Beam  Tests;  %-in.  Plain  Rounds. 

27 

3 

61 

172 

205 

235 

255 

Pull-out  Tests;  b/&-\n.  Plain  Rounds. 

Lowest  two  from  each  set  of  three  tests1 

All  pull-out  tests 

Highest  from  each  set 

Lowest  from  each  set 


6 
9 
3 
3 

64 

194 

221 
280 
175 

337 
375 
452 
293 

394° 
435 
505 
345 

424 
460 
531 
363 

455 

490 
560 
400 

461 

490 
561 
402 

Beam  Tests;  %-in.  Plain  Rounds. 

28 

3 

60 

186 

212 

242 

274 

Pull-out  Tests;  %-in.  Plain  Rounds. 

Lowest  two  from  each  set  of  three  tests' 

All  pull-out  tests 

Highest  from  each  set 

Lowest  from  each  set 


6 

179 

390 

455° 

490 

519 

536 

9 

63 

220 

403 

474 

513 

545 

558 

8 

301 

430 

510 

559 

595 

604 

3 

125 

365 

441 

476 

510 

524 

°  Used  for  comparison  with  bond  stresses  in  reinforoed  concrete  beams. 
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TABLE  34— Continued. 


Group 


Characteristics 


No. 

of 

Tests 

Age 

at 

Test 

days 

Bond  Stress  at  End  Slip  of 
(inches) 

.0002 

.0005 

.001 

.002 

.005 

.01 

Computed 

Bond 
.Stress  at 
Maximum 

Load 


Beam  Testa;  1-in.  Plain  Squares. 


29-30 


All  beam  tests. 


6 

61 

190 

224 

248 

278 


Pull-out  Tests;  1-in.  Plain  Squares. 


29-30 


Lowest  two  from  each  set  of  three  tests' 

All  pull-out  tests 

Highest  from  each  Bet 

Lowest  from  each  set 


12 
18 
6 
6 

64 

115 
134 
171 
104 

209 
221 
244 
194 

241° 
256 
285 
220 

266 
281 
312 
241 

294 
312 
367 
266 

309 
328 
366 
283 

323° 
340 
372 


Beam  Tests;  1-in.  Twisted  Squares. 


31 


All  beam  testa. 


3 

61 

222 

254 

289 

310 

330 

| 

337 


Pull-out  Tests;  1-in.  Twisted  Squares. 


Lowest  two  from  each  set  of  three  tests' 

All  pull-out  tests 

Highest  from  each  set 

Lowest  from  each  set 


8 
12 
4 
4 

65 

131 
145 
167 
113 

266 
278 
311 
252 

325° 
330 
348 
303 

351 
362 
407 
325 

386 
403 
459 
363 

407 
433 
493 
382 

428 e 
467 
543 
405 


Beam  Tests;  l^-in.  Corrugated  Rounds. 


32-33 
34 


6-ft.  span;  loads  2  ft.  apart. . . 
10-ft.  span;  loads  3H  ft.  apart. 


6 
2 

63  261 
62  293 

334 
335 

382 
349 

418 

458 

465 

482 
370 


Pull-out  Tests;  13^-in.  Corrugated  Rounds. 


32-34 


Lowest  two  from  each  set  of  three  tests0. 

All  pull-out  tests 

Highest  from  each  set 

Lowest  from  each  set 


18 

27 

9 

9 

67 

142 
154 
177 
132 

332 
353 
394 
304 

429° 
452 
498 
407 

490 
516 
570 
470 

548 
574 
625 
522 

571 

595 
639 
546 

630° 
654 


617 


Pull-out  Tests;  1-in.  Rounds  with  Standard  V-shaped  Threads. 


Lowest  two  from  each  set  of  three  tests. 

All  pull-out  tests 

Highest  from  each  set 

Lowest  from  each  set 


16 

24 

8 

8 

66 

181 
206 
254 
177 

380 
410 
473 
351 

470 
505 
576 
431 

535 
580 
670 
488 

592 
642 
738 
530 

613 
685 
757 
551 

677 
725 
813 
614 


Used  for  comparison  with  bond  stresses  in  reinforced  concrete  beams. 
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Load-deflection  and  load-slip  curves  for  the  6-ft.  beams  are  given 
in  Fig.  86.  The  ends  of  the  bar  in  the  6-ft.  beam?  give  a  slip  of  0.001 
in.  at  a  computed  bond  stress  of  382  lb.  per  sq.  in.  Beams  with  plain 
round  bars  give  a  bond  stress  of  345  lb.  per  sq.  in.  at  the  same  amount 
of  slip.  The  maximum  bond  resistance  of  the  6-ft.  beams  was  482  lb. 
per  sq.  in.  as  compared  with  369  lb.  per  cq.  in.  for  similar  beams  with 
1-in.  plain  rounds.  The  load  at  an  end  slip  of  0.001  in.  was  79%  of 
the  maximum  for  the  beams  with  corrugated  bars  and  94%  for  the 
beams  with  plain  round  bars.     The  loads  at  first  outer  cracks  are  about 

TABLE  35. 

Bond  Resistance  in  6-ft.  Beams  Reinforced 

with  Plain  Round  Bars. 

Each  beam  was  reinforced  with  a  single  round  bar  1  in.  or  V/i  in.  in  diameter. 
All  beams  were  loaded  at  the  one-third  points  of  the  span. 
Stresses  are  given  in  pounds  per  square  inch. 


Series 

Groups 

Number 
of 

Tests 

Age 

at 

Test 

Bond  Stress  at  Slip 
of  End  of  Bar  of 

Maximum 

Bond 
Resistance 

Com- 
pressive 
Strength 

.0002 

n.          .0005  in. 

.001  in. 

of  6-in. 
Cubes 

1909 
1911 
1912 

1-5,9 
14-16 

6 
19 
9 

100  days 

8  mo. 
63  diiy- 

202 
240 
251 

244 
306 
312 

265 
335 
345 

291 
377 
369 

1575 
3030 
2630 

Mean 

236 

295 

324 

356 

the  same  for  the  6-ft.  beams  reinforced  with  corrugated  bars  as  for 
other  beams  tested  on  the  same  span,  whether  plain  round,  plain  Square, 
or  corrugated  round — about  9000  11).  The  load  at  first  end  slip  of  bar 
averaged  15  200  lb.  for  the  beams  with  corrugated  bars  and  13  100  lb. 
for  the  beams  with  plain  rounds.  The  average  bond  stress  at  first  slip 
of  end  of  bar  was  26]  II).  per  sq.  in.  for  the  corrugated  bars  and  251 
lb.  per  sq.  in.  for  the  plain  rounds.  It  is  seen  that  the  vertical  shear- 
ing stresses  developed  at  first  outer  crack  noted  are  about  the  same  for 
the  two  forms  of  bar,  regardless  of  the  difference  in  area  of  bars.  At 
the  maximum  load  the  bond  resistance  of  the  beams  reinforced  with 
corrugated  bars  was  about  :;<»',  higher  than  those  with  plain  rounds. 
The  beams  tested  on  a  10-ft.  span  showed  end  slip  to  begin  at 
about,  the  same  bond  stress  as  in  the  6-ft.  beams.  The  10-ft.  beams 
reinforced  with  corrugated  bars  showed  cracks  much  nearer  the  BUpportfl 
than  were  found  in  the  beams  with  plain  bars;  see  Figs.  59c  and  63d. 
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86.  Effect  of  Span  Length. — Besides  the  beams  tested  on  a  G-ft. 
span,  a  group  was  tested  on  each  of  the  following  spans — 5,  7,  8,  and 
10  ft.  All  the  beams  were  reinforced  with  1-in.  plain  rounds  and  were 
loaded  at  the  one-third  points  of  the  span.  Load-slip  curves  are  given 
in  Fig.  71  and  72.  See  the  photographs  in  Fig.  63  for  the  appearance 
of  these  beams  after  failure.  Nearly  all  the  beams  with  spans  of  7,  8 
and  ID  ft.  failed  in  tension  and  hence  did  not  develop  their  maximum 
resistance  to  "bond  stresses.  Notwithstanding  this,  the  longer  beams 
give  data  on  the  slip  of  bar  at  ends  and  at  intermediate  points  and  on 
the  deflections  and  general  behavior  of  such  beams. 


TABLE  36. 
Bond  Resistance  with  Twisted  Square,  Square,  and  Round  Bars 

6-ft.  beam  tests  from  series  of  1912;  see  Tables  31,  32,  33  and  34. 
Stresses  are  given  in  pounds  per  square  inch. 


Reinforced  Concrete  Beam 
Tests 

Pull-out  Tests+ 

Size  and  Kind 

of  Bar 

Number 

of 

Tests 

At  End 

Slip  of 

0.001  in. 

At 

Maximum 

Load 

Number 

of 

Tests 

At  End 
Slip  of 
0.001  in. 

At 

Maximum 

Load 

1  in.  twisted  square 

3 

289 

337 

8 

325 

428 

1  in.  plain  square 

6 

248* 

278* 

12 

241* 

323* 

1  in.  plain  round 

9 

345 

369 

54 

362 

426 

*  A3  stated  in  Art.  73,  the  bond  stresses  considered  in  comparing  the  pull-out  tests  with  the  beam  teste  are  the 
averages  obtained  after  rejecting  the  strongest  specimen  from  each  set  of  three  tests.    See  Table  34. 

•  Beam  No.  1046.5  gave  abnormally  low  results.    Omitting  this  test,  the  values  for  the  beam  tests  with  plain  square 
oars  are  283  and  295  lb.  per  sq.  in.,  and  for  the  pull-out  tests,  265  and  355  lb.  per  sq.  in.,  respectively. 

The  computed  bond  stresses  at  first  slip  at  the  end  of  the  bar  were 
as  follows :— 5-ft.  beams,  277;  6-ft.,  257;  7-ft.,  273;  8-ft.,  231;  10-ft., 
222  lb.  per  sq.  in.  If  correction  is  made  for  the  added  embedded  length 
due  to  the  3  in.  overhang  of  the  ends  of  the  beam  the  following  values 
of  bond  stress  at  first  end  slip  are  obtained: — 5-ft.,  235;  6-ft.,  222; 
7-ft.,  244;  8-ft.,  209;  10-ft,  206  lb.  per  sq.  in.  The  stresses  developed 
at  the  maximum  loads  Avere: — 5-ft.  beams,  364;  6-ft.,  369;  7-ft.,  336; 
8-ft.,  303;  10-ft.,  230  lb.  per  sq.  in.  The  last  three  values,  however,  do 
not  measure  the  maximum  bond  resistance,  since  the  beams  failed  by 
tension  in  the  longitudinal  steel. 

It  is  seen  that  there  is  not  much  difference  in  the  computed  bond 
stresses  for  beams  of  the  span  lengths  tested,  during  the  early  stages 
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of  the  tests.  This  indicates  that  the  distribution  of  bond  stress  is 
similar  in  beams  of  these  lengths  during  the  early  stages  of  the  test. 
However,  it  should  be  borne  in  mind  that  these  computed  values  for 
bond  represent  only  the  average  bond  stress  and  that  they  give  no  in- 
formation as  to  the  distribution  of  the  bond  stress  or  the  actual  bond 
stresses  developed  at  various  points.  The  discussion  in  Art.  68  and  95 
indicates  the  distribution  of  bond  stress  in  beams  of  this  kind. 

87.  Effect  of  Position  of  Loads  on  Beam. — The  beams  in  groups 
17,  18,  19  and  20  (span  6  ft.)  were  tested  in  order  to  study  the  effect 
of  the  position  of  the  loads  with  respect  to  the  beam  supports.  The 
beams  in  groups  21,  22  and  23,  which  were  tested  by  loads  applied  at 
the  one-third  points  of  spans  varying  from  5  ft.  to  8  ft.,  will  be  in- 
cluded in  this  discussion.  All  these  beams  had  the  same  cross-section — 
8  in.  wide  and  10  in.  effective  depth — and  were  each  reinforced  with  a 
single  1-in.  plain  round  bar.  The  position  of  the  loads  with  respect  to 
the  supports  may  be  expressed  in  terms  of  the  ratio  of  the  effective 
depth  of  the  beam,  a,  to  the  horizontal  distance  from  the  support  to 
the  load  point,  b.  This  ratio  for  the  beams  included  in  the  discussion 
varied  from  1.2  to  3.2. 

To  make  the  comparison  more  nearly  accurate,  it  will  be  desirable 
in  the  calculations  to  take  into  account  the  length  of  embedment  of  the 
bar  beyond  the  point  of  support,  which  in  all  the  beams  was  3  in.  To 
do  this  it  is  assumed  that  the  full  calculated  tensile  stress  of  the  bar  at 
the  load  point  is  taken  off  by  a  bond  stress  which  is  uniform  in  intensity 
from  the  load  point  to  the  end  of  the  bar.  The  values  so  calculated  will 
be  less  than  the  computed  bond  stresses  given  in  Table  32. 

Fig.  50  has  been  plotted  with  the  average  computed  bond  stress 
for  each  group  of  beams  as  ord mates  and  witli  the  ratio  b/a  as  abscissas. 
The  closed  circles  represent  the  Txmd  stresses  developed  at  first  end  slip 
of  bar;  and  the  open  circles  represent  the  maximum  bond  stresses. 
It  will  be  seen  that  the  computed  bond  stress  at  beginning  of  end  slip 
is  nearly  the  same  throughout  the  range  of  the  tests.  This  confirms 
the  conclusion  stated  in  the  preceding  paragraph  in  the  discussion  of 
another  series  of  tests,  that  during  the  early  stages  of  the  test  the  bond 
stress  was  probably  distributed  in  a  similar  manner  in  these  beams  in 
which  the  loads  were  applied  at  different  points  on  the  span.  The 
computed  bond  resistances  at  the  maximum  load  are  greater  for  the 
smaller  values  of  the  ratio  b/a\  except  for  group  19  and  20  this  differ- 
ence is  not  large. 
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A  study  of  the  position  of  the  cracks  in  these  beams  shown  in  Fig. 
60  and  61  gives  no  indication  that  the  location  of  the  cracks  is  pro- 
ductive of  these  differences  in  the  maximum  bond  resistance  developed 
by  the  loads  in  different  positions.  Added  friction  due  to  the  increased 
bearing  pressures  obtained  with  the  beams  having  smaller  values  of  b/a 
may  increase  the  bond  resistance  somewhat,  but  this  would  be  expected 
to  affect  the  static  friction  element  of  bond  at  the  beginning  of  slip 
and  there  is  no  evidence  of  such  effect.  It  would  seem,  however,  that  the 
variation  must  be  due  to  the  presence  of  other  than  normal  beam  action. 
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Fig.  50.    Effect  of  Position  of  Loads  on  Reinforced  Concrete  Beams. 


88.  Effect  of  Auxiliary  Reinforcement  in  Ends  of  Beams. — In 
addition  to  the  main  longitudinal  reinforcement,  consisting  of  1-in. 
plain  round  bars,  the  beams  in  Group  16  were  provided  with  two  loops 
of  %-in.  round  bars  at  each  end  extending  from  a  point  3  in.  inside 
the  load  points  to  the  ends  of  the  beam.  The  arrangement  is  shown  in 
Fig.  2  (g).  This  increased  the  tension  reinforcement  outside  the  load 
points  by  56%.  The  purpose  of  these  tests  was  to  discover  the  effect 
produced  on  the  bond  resistance  as  a  result  of  retarding  the  opening  of 
the  usual  outer  cracks.    The  load-slip  curves  for  these  beams  are  shown 
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in  Fig.  69,  and  the  load-deflection  curves  in  Fig.  81.  Group  16  may 
he  compared  with  Groups  14  and  15,  which  were  the  same  except  they 
did  not  have  the  auxiliary  bars.  The  load  at  first  crac-K  outside  the  load 
points  in  Group  16  averaged  11  800  lb.  as  compared  with  9100  lb.  for 
Groups  14  and  15;  an  increase  of  24%.  The  bond  stress  at  first  end 
slip  of  bar,  computed  on  the  area  of  the  main  bar  only,  is  raised  from 
240  to  282  lh.  per  sq.  in.,  an  increase  of  17%.  The  maximum  bond 
resistance,  based  on  the  main  bar  only,  is  practically  the  same  for  each 
of  these  groups  of  beams. 

The  photograph  of  these  beams  after  failure  (Fig.  GOb)  show-  a 
different  distribution  of  the  cracks  in  the  beams  having  auxiliary  bars. 
Generally  speaking,  the  main  cracks  came  inside  the  load  points  near 
the  end  of  the  auxiliary  bars.  The  characteristic  sloping  cracks  of  such 
beams  are  generally  absent,  although  it  seems  probable  that  interior 
cracks  which  did  not  appear  on  the  surface  may  have  opened  to  an 
extent  that  permitted  the  same  distribution  of  bond  stress  as  was  found 
in  the  other  beams.  The  most  striking  effect  arising  from  use  of  the 
auxiliary  bars  is  found  in  the  uniformity  and  regularity  of  the  slip  of 
bar  at  intermediate  points  of  the  bar  as  shown  in  Fig.  69  and  discussed 
in  Art.  94. 

89.  Effect  of  Variation  in  Number  and  Size  of  Reinforcing  Bars. 
— Four  %-in.  plain  rounds  were  used  for  longitudinal  reinforcement 
in  Group  27  and  three  %-in.  rounds  in  Group  28.  This  corresponds 
to  1.53%  and  1.66%  of  longitudinal  steel,  respectively,  as  compared 
with  about  1%  for  the  1-in.  plain  rounds  used  in  most  of  the  beams. 
These  beams  were  provided  with  U-shaped  stirrups  as  shown  in  Fig. 
2(h).  The  measurements  of  end  Blip  were  made  on  the  two  outside 
bars.  There  was  ;i  marked  uniformity  in  the  behavior  of  the  two  out- 
side bars  in  nearly  all  the  tests;  generally  the  two  instruments  at  the 
same  end  of  the  beams  gave  exactly  the  same  reading;  in  other  • 
the  larger  value  was  used    in   plotting  the  load-slip  curves  in    Fig.   si. 

The  relation  of  the  bond  stresses  developed  in  the  beam  and  pull-out 
tests  may  he  seeu  in  Table  34.  In  the  beam  test-  the  %  and  %-in.  bars 
show  end  slip  to  begin  at  a  much  lower  computed  bond  stress  than  for 
the  beams  with  1-in.  bars,  hut  it  i-  worth  noting  that  this  first  end 
slip  came  at  loads  which  gave  the  same  tensile  stress  in  the  steel  ;it  mid- 
span  and  hence  presumably  about  the  same  amount  of  stretch  of  bar 
between  load  point  and  support.  For  an  end  slip  of  0.001  in.  (using 
the  values  in  Groups   11   to   L6  for  the   1-in.  bars)   the  average  computed 
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boiid  stresses  are:  %-in.  bars,  235  lb.  per  sq.  in.;  %-in.  bars,  242;  l-in.> 
bars,  345  lb.  per  sq.  in.  At  the  maximum  loads  the  values  are:  255, 
274  and  369  lb.  per  sq.  in.,  respectively.  From  this  it  would  seem  that 
slip  is  a  function  of  amount  of  stretch  of  bar  as  well  as  of  bond 
surface.  The  loads  at  first  outer  crack  are  about  the  same  for  each  of 
the  groups  of  beams.  The  concrete  may  be  expected  to  fail  in  tension 
at  about  the  same  load,  and  it  seems  that  the  anti-stretch  cracks  form 
at  once.  The  appearance  of  one  group  of  beams  after  test  is  shown  in 
Pig.  62a.  By  comparing  the  photographs  of  the  beams  in  Group  27 
with  Group  14,  it  will  be  seen  that  the  progress  of  these  outer  cracks 
may  assist  in  explaining  the  difference  in  the  bond  stresses  developed. 
For  the  beams  reinforced  with  1-in.  plain  rounds  (Groups  14  and  15), 
the  average  distance  of  the  outermost  cracks  which  had  appeared  pre- 
vious to  the  first  slip  of  bar  at  the  end  where  bond  failure  occurred, 
was  18  in.  from  the  end  of  the  beams;  in  Group  27,  reinforced  with 
four  %-in.  rounds,  the  corresponding  distance  is  11  in.;  in  group  28, 
reinforced  with  three  %-in.  rounds,  13  in. 

A  consideration  of  the  position  of  these  outer  cracks  indicates  that 
after  such  cracks  are  formed  in  beams  of  this  length  a  large  proportion 
of  the  bond  stress  is  carried  by  the  embedded  length  lying  between  the 
crack  and  the  end  of  the  beam,  while  a  smaller  proportion  is  carried  by 
the  part  between  the  crack  and  the  load  point.  This  assumption  makes 
the  bond  stresses  of  the  outer  embedded  length  more  nearly  the  same 
for  the  three  groups.  It  seems  probable  that  the  actual  bond  resistance 
developed  in  the  outer  embedded  lengths  approaches  the  values  developed 
in  the  pull-out  tests.  After  cracks  have  formed  in  the  concrete  near 
the  load  points,  it  may  be  expected  that  an  increasae  of  load  will  produce 
other  cracks  still  nearer  the  support  due  partly  to  anti-stretch  slip.  This 
cracking  progresses  step  by  step  toward  the  end  of  the  beam  until  the 
remaining  unbroken  embedment  of  the  bar  is  no  longer  able  to  furnish 
necessary  resistance,  and  the  beam  finally  fails  by  the  bars  pulling  out. 
The  progress  of  the  formation  of  cracks  is  very  well  illustrated  in  th 
beams  of  Groups  27  and  28.  In  Beam  No.  1050.2  a  crack  opened 
about  3  in.  outside  the  N.  load  at  8000  lb.;  another  appeared  5  in. 
farther  out  at  12  000  lb.;  and  a  third  at  16  000  lb.  In  Beam  No.  1050.3 
cracks  appeared  at  the  S.  end  at  14  000,  18  000,  29  000  and  31  000  lb. 

These  tests  indicate  that  the  distribution  of  bond  stresses  in  beams 
is  influenced  by  the  relation  of  the  dimensions  of  the  cross-section  of 
the  beam  to  the  diameters  of  the  reinforcing  bars. 
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90.  Effect  of  Repeated  and  Continued  Loads  on  Beams. — In  test- 
ing Beam  No.  84  of  the  1909  series,  reinforced  with  one  l^-in.  plain 
round,  the  load  was  applied  progressively  as  in  other  tests,  until  one 
end  of  the  bar  had  slipped  about  0.0002  in.  under  an  applied  load  of 
15  000  lb.  The  load  was  then  released  to  500  lb.  The  residual  center 
deflection  was  0.015  in.  (see  Fig.  51).  At  first  loading,  6100  lb.  load 
was  required  to  produce  this  deflection.  The  load  was  then  increased 
to  17  000  lb.,  causing  a  slip  at  the  north  end  of  the  bar  of  0.0006  in. 
Upon  releasing  the  load  to  900  lb.  the  residual  deflection  was  over  0.02 
in.  There  was  no  recovery  in  the  amount  of  the  end  slip  of  the  bar 
upon  release  of  the  loads,  although  the  bar  had  slipped  an  appreciable 
amount.  The  load  was  then  reapplied  up  to  a  maximum  of  20  500  lb., 
when  the  bar  pulled  out  at  the  end  which  at  first  had  shown  the  smaller 
slip.  This  phenomenon  was  observed  in  a  few  tests  in  the  later  series, 
showing  that  the  bond  resistance  at  the  two  ends  was  so  nearly  equal 
that  failure  was  likely  to  come  at  either  end,  or  at  both  ends  at  the  same 
time.  In  most  of  the  beam  tests'  slipping  was  much  more  pronounced  at 
one  end  than  the  other. 

The  lack  of  recovery  in  the  slip  at  the  end  of  the  bar  in  this  beam 
test  and  in  the  repeated  load  tests  on  pull-out  specimens  is  significant, 
and  seems  to  be  characteristic  of  plain  bars.  It  will  be  seen  in  the  test 
of  Beam  No.  1049.3  that  corrugated  bars  do  show  some  recovery  of  slip 
upon  release  of  load. 

Beam  Xo.  1055.9,  reinforced  with  one  1-in.  plain  round  bar,  was 
loaded  on  a  10-ft.  span  at  two  points  6  ft.  apart.  The  test  progressed  as 
usual  until  a  load  of  16  000  lb.  (bond  stress,  315  lb.  per  sq.  in.)  had 
been  applied,  which  caused  a  slip  of  0.0004  in.  at  the  south  end  of  the 
bar.  This  load  was  maintained  until  failure  occurred  after  about  34 
hours.  The  changes  in  slip  of  bar  with  the  time  are  plotted  in  Fig.  52. 
A-  was  seen  in  the  pull-out  tests,  after  slipping  becomes  general,  there 
is  nearly  a  constant  difference  between  the  total  slip  at  the  end  of  the 
bar  and  at  point  (3).  The  slip  at  (1)  was  probably  affected  by  the 
large  diagonal  crack  which  opened  at  that  point. 

Beam  No.  1039.3,  reinforced  with  one  1-in.  plain  round  bar,  was 
loaded  at  the  one-third  points  of  a  6-ft.  span.  This  beam  was  7  ]  L. 
months  old  at  the  time  of  test.  A  load  of  26  000  lb.  caused  a  slip  of 
0.001  in.  at  the  north  end.  This  load  was  maintained  constant  until 
failure  occurred  after  GG  hours.  The  end  slip  during  the  period  the 
beam  was  under  load  is  shown  in  Fig.  52. 
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Beam  No.  1055.8,  10-ft.  span,  reinforced  with  one  1-in.  plain  round 
bar,  was  loaded  at  two  points  6  ft.  apart.  The  load  was  increased  as 
usual  until  the  north  end  of  the  bar  showed  a  slip  of  0.0007  in.  under  a 
load  of  10  000  lb.     The  load  was  maintained  at  10  000  lb.  for  32  days, 
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Fig.  51.    Load-slip  and  Load-deflection  Curves  for  a  Beam  under 
Repeated  Loads. 

during  which  frequent  observations  of  slip  of  bar  and  deflection  were 
taken.  After  32  days  the  load  was  increased  100  lb.  per  day  until 
failure  occurred  on  the  60th  day  of  loading  under  a  load  of  12  800  lb. 
The  slip  of  bar  and  the  center  deflections  are  plotted  in  Fig.  53.     Slip- 
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Fig.  52,     Slip  of  Bar  in  Beams  under  Constant  Loads. 
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Fig.  53.     Slip  of  Bar  and  Center  Deflection  of  Beam  No.  1055.8. 
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ping  continued  at  a  nearly  constant  rate  while  the  load  was  maintained 
at  10  000  lb.  There  was  no  marked  change  in  the  rate  of  slip  until  the 
load  had  been  increased  by  about  1000  lb. 

Fig.  54  shows  the  load-slip  curves  for  Beam  Xo.  1055.8.  The 
curves  have  been  plotted  from  the  same  origin  in  terms  of  the  slip  at 
the  points  where  measurements  were  taken  and  the  computed  bond  stress 
during  the  later  stages  of  the  test. 

The  small  diagram  in  Fig.  53  indicates  the  ratio  of  the  end  slip 
to  the  slip  at  points  6  in.  and  12  in.  from  the  end.  When  the  load  was 
first  applied  the  slip  of  bar  at  the  end  was  70%  and  40%  of  the  slip 
at  points  G  and  12  in.,  respectively,  from  the  end;  while  near  failure 
the  slip  at  inner  points  was  nearly  the  same  as  at  the  end.  The  slip- 
of-bar  curves  indicate  that,  after  slip  became  general,  there  was  a  nearly 
constant  difference  between  the  end  slip  and  the  slip  at  inner  points 
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where  the  concrete  was  unbroken.  It  seems  probable  from  the  way  slip 
was  progressing  in  this  test  that  failure  would  have  been  produced  under 
a  load  of  10  000  lb.,  if  this  load  had  been  maintained  for  two  or  three 
months. 

The  center  deflection  of  the  beam  increased  about  0.11  in.  during 
the  period  of  about  40  days  in  which  the  load  was  practically  constant. 
This  increase  in  deflection  was  probably  due  principally  to  the  slip  of 
the  bar  at  the  end  of  the  beam  where  bond  failure  occurred.  This  slip 
amounted  to  about  0.007  in.  at  the  south  end  after  the  beam  had  been 
under  load  40  days. 

The  tests  described  above  in  which  the  load  causing  a  very  small 
amount  of  slip  at  the  end  of  the  bar  was  maintained  constant  indicate 
that  with  beams  reinforced  witli  plain  bars  the  load  which  produces  a 
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small  end  slip  will,  if  acting  indefinitely,  endanger  the  permanency  of 
the  beam. 

91.  Pull-out  Tests  ivith  1912  Beam  Series. — A  summary  of  the 
results  of  the  tests  on  the  pull-out  specimens  made  with  the  1912 
beams  is  given  in  Table  34.  The  load-slip  curves  have  been  plotted  in 
Fig.  55.  The  tests  were  made  at  the  age  of  about  65  days.  The  number 
of  specimens  of  each  kind  is  indicated  by  figures  in  parentheses.  In 
these  curves  the  average  values  from  all  the  tests  have  been  used; 
while  for  comparison  with  the  bond  stresses  developed  in  the  correspond- 
ing beams  the  average  of  the  values  from  the  lowest  two  of  each  set 
of  three  pull-out  tests  should  be  used. 

The  1-in.  plain  rounds  averaged  448  lb.  per  sq.  in.  at  the  maximum ; 
the  %-in.  rounds  about  11%  higher,  and  the  %-in.  rounds  about  25% 
higher.  The  1-in.  plain  square  bars  gave  values  which  are  about  75% 
(range  69%  to  78%)  of  those  for  1-in.  rounds. 

In  the  tests  with  1-in.  twisted  square  bars  end  slip  began  at  a  bond 
stress  of  278  lb.  per  sq.  in. — about  a  mean  between  the  values  for  the 
1-in.  plain  rounds  and  the  1-in.  plain  squares.  At  an  end  slip  of  0.02  in. 
the  twisted  bars  gave  a  bond  resistance  of  448  lb.  per  sq.  in.,  which  is 
about  the  same  as  given  by  the  plain  rounds  at  their  maximum  at  an 
end  slip  of  0.01  in.  This  is  a  somewhat  better  showing  than  was  found 
for  the  twisted  square  bars  in  the  1909  series  of  pull-out  tests  (see  Art. 
41).  After  a  slip  of  0.02  in.,  there  was  very  little  increase  in  the  bond 
resistance  of  the  twisted  square  bars,  which  reached  467  lb.  per  sq.  in. 
at  an  end  slip  of  0.1  in.;  this  has  been  considered  the  maximum  bond 
resistance.  The  concrete  blocks  split  at  a  slip  of  about  0.1;  they  were 
not  reinforced  against  bursting. 

The  1%-in.  corrugated  rounds  gave  an  average  bond  resistance  of 
452  lb.  per  sq.  in.  at  an  end  slip  of  0.001  in. — about  20%  higher  than 
the  1-in.  plain  rounds  at  the  same  slip.  At  an  end  slip  of  0.01  in., 
corresponding  to  the  maximum  bond  resistance  of  the  plain  rounds,  the 
corrugated  bars  gave  595  lb.  per  sq.  in. — 33%  higher  than  the  1-in. 
plain  rounds.  The  blocks  split  in  all  the  corrugated-bar  tests;  splitting 
seemed  to  have  begun  soon  after  a  slip  of  0.01  in.  was  developed. 

1-in.  round  bars,  with  standard  threads  (8  per  inch),  showed  the 
highest  resistance  at  beginning  of  slip;  at  a  slip  of  0.001  in.  the  bond 
resistance  was  505  lb.  per  sq.  in.,  as  compared  with  377  for  the  1-in. 
rounds  and  452  lb.  per  sq.  in.  for  the  1%-in.  corrugated  rounds.  At 
an  end  slip  of  0.01  in.  the  threaded  bars  gave  a  bond  resistance  of  685 
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lb.   per  sq.   in.     These  bars  split  the  blocks  soon  after  developing  an 
end  slip  of  0.01  in. 

92.  Bond  Resistance  in  1912  Beam  Tests  and  Pull-out  Tests. — 
The  summary  in  Table  34  shows  the  relation  of  the  bond  stresses  for 
the  beam  and  pull-out  tests  for  the  1912  series.  The  dimensions  of 
the  specimen  and  the  embedded  length  may  be  expected  to  affect  the 
bond  resistance  corresponding  to  different  end  slips,  hence  it  will  be  of 
interest  to  compare  the  results  of  the  beam  and  pull-out  tests  at  the  same 
amounts  of  end  slip.  In  this  comparison  the  average  values  from  the 
lowest  two  specimens  from  each  set  of  pull-out  tests  was  used. 
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The  6-ft.  beams  reinforced  with  1-in.  plain  rounds,  and  loaded  ; 
the  usual  way  (Groups  1  1-16),  showed  about  the  same  resistance  to  slip 
during  the  early  stages  of  the  tests  as  was  found  in  the  pull-out  tests. 
At  an  end  slip  of  0.001  in.  the  values  were: — 9  beam  tests,  345  lb.  per 
sq.  in.:  i 5 1  pull-out  tests,  362  lb.  per  Bq.  in.  At  a  slip  of  0.002  in.  the 
pull-out  tests  gave  a  bond  resistance  of  •"'■s,.>  lb.  per  sq.  in.:  the  maximum 
bond  resistance  in  the  beams,  which  came  at  an  end  slip  of  about  0.002 
in.,  was  .'$(>!)  lb.  per  sq.  in.     For  the  tests  with  1-in.  plain  rounds  the  bond 
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stress  at  an  cud  slip  of  0.001  in.  was  85$   of  the  maximum  in  the  pull- 
out  tests  and  94%  of  the  maximum  in  the  beam  tests. 

For  the  %-in.  plain  rounds  at  an  end  slip  of  0.001  in.  the  beam  tests 
gave  a  computed  bond  resistance  of  235  lb.  per  sq.  in.;  the  pull-out  tests 
394  lb.  per  sq.  in.  For  the  %-in.  bars  the  corresponding  values  were: 
beam  tests,  242  lb.  per  sq.  in.;  pull-out  tests,  455  lb.  per  sq.  in.  For  the 
%-in.  bars  the  maximum  computed  bond  stress  in  the  beam  tests  was 
55%  of  the  maximum  bond  resistance  in  the  pull-out  tests;  for  the  %-in. 
bars,  the  corresponding  value  was  51%.  The  wide  differences  in  the 
computed  bond  stresses  in  the  beams  reinforced  with  %  and  %-in.  bars 
and  the  corresponding  pull-out  tests  are  due  to  the  cbanges  in  the  dis- 
tribution of  the  bond  stresses  in  the  beams  as  the  test  progresses,  as 
was  pointed  out  in  Ait..  6S,  and  to  the  differences  in  the  relative  dimen- 
sions of  the  specimens. 

The  1-in.  plain  square  bars  gave  about  the  same  relative  values  for 
the  beam  and  pull-out  tests  as  was  found  for  the  1-in.  plain  rounds;  at 
an  end  slip  of  0.001  in.  the  bond  stresses  were:  6  beam  tcsis,  248  lb.  per 
sq  in.;  12  pull-out  tests,  241  lb.  per  sq.  in.  The  bond  stress  at  an  end 
slip  of  0.001  in.  was  75%  of  the  maximum  in  the  pull-out  tests  and 
89%  of  the  maximum  in  the  beam  tests. 

93.  Variation  in  the  Results  of  Cube  and  Pull-out  Tests. — The 
cube  and  pull-out  tests  made  of  1-2-4  concrete  in  the  1912  beam  series 
offer  an  opportunity  to  study  the  variation  which  may  be  expected  in 
a  large  number  of  tests  made  under  conditions  which  are  fairly  uniform. 
These  specimens  were  made  from  44  batches  of  concrete  and  covered  a 
period  of  about  3  months.  This  discussion  includes  129  cube  tests  and 
57  pull-out  tests.  Table  3?  shows  the  average  strength  and  the  variation 
in  strength  for  the  individual  cube  tests  and  for  the  averages  of  the 
groups  of  three  tests  for  hand-mixed  and  machine-mixed  concrete.  Tt 
will  be  noted  that  for  the  compression  tests  the  mean  variations  of  the 
individual  tests  and  of  the  group  averages  are  about  the  same  for  both 
methods  of  mixing.  The  higher  strength  of  the  machine-mixed  con- 
crete is  in  accordance  with  the  usual  experience,  but  the  favorable  show- 
ing as  to  the  variation  of  the  band-mixed  concrete  is  contrary  to  the 
relation  usually  assumed. 

Table  38  shows  values  for  the  pull-out  tests  of  1-in.  plain  rounds 
embedded  8  in.  at  an  end  slip  of  0.001  in.  and  for  the  maximum  load. 
In  this  table  only  the  machine-mixed  specimens  have  been  considered. 
The  values  for  a  slip  of  0.001  in.  and  for  maximum  load  show  about  the 
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same  variation.  The  pull-out  tests  show  a  greater  mean  variation  from 
the  average  than  the  cube  tests  (16%  and  10%,  respectively)  ;  this  justi- 
fies the  practice  of  making  five  pull-out  specimens  in  a  set.  However, 
it  is  instructive  to  note  that  the  mean  variations  of  the  individual  tests 
and  of  the  groups  for  both  cube  tests  and  pull-out  tests  do  not  differ 
materially. 

TABLE  37. 
Variation  in  the  Compressive  Strength  of  6-in.  Concrete  Cubes. 

1-2-4  concrete  from  the  1912  beam  series. 
Age  at  test  about  65  days. 


Hand-mixed  Concrete 

Machine-mixed  Concrete 

Number 

of 

Teste 

Average 

Crushing 

Strength, 

lb.  per 

sq.  in. 

Mean 
Variation 

Number 

of 

Teste 

Average 

Crushing 

Strength, 

lb.  per 

sq.  in. 

Mean 
Variation 

lb.  per 
sq.  in. 

Per 
cent 

lb.  per 
sq.  in. 

Per 
cent 

Individual  testa 

Average  of  seta  of 
three  teste 

36 
36 

2200 
2200 

204+ 
194+ 

9.2 
8.8 

93 
93 

2800 
2800 

294+ 
281* 

10.5 
10.0 

♦  Plus  or  minus. 


TABLE  38. 
Variation  of  the  Values  of  Bond  Resistance  in  Pull-out  Tests. 

Includes  57  tests  with  1  in.  plain  round  bars  from  the  1912  beam  series. 

1-2-4  machine-mixed  concrete. 

Embedment  8  in.     Age  at  test,  about  65  days. 

Stresses  are  given  in  pounds  per  square  inch. 


At  End  Slip  of  0.001  in. 

At  Maximum  Bond  Resistance 

Item 

Highest 

Lowest 

Average 

Mean 
Variation 

Highest 

Lowest 

Average 

Mean 
Variation 

lb.  per 
sq.  in. 

Per 
cent 

lb.  per 
«q.  in. 

Per 
cent 

Individual  teste 

Average  of  sete  of 
three  tests 

54* 
60Q 

213 

241 

371 
371 

55+ 
49+ 

14  8 
13.2 

090 
599 

sss 

254 

440 
440 

73+ 
66* 

16  6 
15  0 

♦  Plus  or  minus. 
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d.     General  Discussion  of  Reinforced  Concrete  Beam  Tests. 

94.  Slip  of  Bar  at  Internal  Points  in  Reinforced  Concrete  Beams. 
— In  many  of  the  beams  in  the  1911  and  1912  series,  measurements 
were  made  to  determine  the  amount  of  slip  in  the  reinforcing  bar  at 
points  other  than  the  ends.  It  has  been  found  that  these  load-slip  rela- 
tions, in  view  of  the  information  derived  from  the  pull-out  tests,  give 
valuable  indications  as  to  the  bond  stresses  developed  at  different  points 
along  the  length  of  the  bar. 

Load-slip  curves  for  a  few  representative  tests  are  given  in  Fig. 
69  to  76.  The  curves  in  the  figures  are  plotted  in  such  a  way  as  to  indi- 
cate the  amount  and  direction  of  movement  of  bar  with  respect  to  the 
adjoining  concrete;  they  are  plotted  to  the  right  or  left  with  respect  to 
the  vertical  line  on  the  diagram  which  lies  upon  or  nearest  to  the  given 
point.  Each  horizontal  division  in  the  figures  represents  a  slip  of  0.001 
in.  The  position  of  the  loads,  reinforcement,  cracks,  and  other  general 
features  of  the  beams  are  indicated  in  the  figures.  The  numbers  within 
circles  in  the  diagrams  and  on  the  photographs  of  the  beams  after  failure 
are  opposite  the  positions  of  the  instruments  during  the  test. 

A  survey  of  the  load-slip  curves  will  confirm  the  following  observa- 
tions: Slipping  of  the  bar  through  the  concrete  was  a  phenomenon 
of  all  the  beam  tests  in  which  observations  were  made.  The  slip  was 
not  much  influenced  by  the  form  of  the  reinforcing  bars  or  by  variations 
in  the  points  of  application  of  the  load.  Slip-of-bar  was  quite 
pronounced  over  the  middle  region  of  the  beams  at  loads  well  below  those 
causing  the  appearance  of  the  first  visible  cracks  in  the  concrete;  this 
probably  indicates  that  tension  cracks  were  present  in  the  concrete  some 
time  before  they  became  visible  on  the  whitewashed  surfaces  of  the  beam. 
Since  there  is  no  bond  stress  due  to  beam  action  in  this  region  of  the 
beam,  it  is  apparent  that  this  is  what  has  been  termed  anti-stretch  slip 
in  Art,  68.  The  load-slip  curves  for  points  on  the  beams  outside 
the  region  affected  by  cracks  are  regular  and  show  that  slip  increases 
continuously  under  an  increasing  load,  or  with  the  lapse  of  time  under 
load;  the  curves  for  points  within  the  region  affected  by  cracks  are  in- 
fluenced by  the  proximity  of  cracks  in  the  concrete,  and  show  frequent 
irregularities  and  reversals  in  direction.  Slip-of-bar  is  greatest  in  the 
immediate  vicinity  of  a  crack.  The  indicated  direction  of  slip  in  the 
vicinity  of  a  crack  depends  upon  which  side  of  a  crack  the  instrument  was 
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carried.  The  instruments  on  the  near  side  of  cracks  somewhat  removed 
from  the  middle  of  the  beam  and  those  approximately  midway  between 
the  cracks  near  the  middle  of  the  beam  generally  show  little  or  no  slip 
of  the  bar.  In  general  slip-of-bar  is  greatest  on  the  far  side  of  crack- 
near  the  load  points.  Slip-of-bar  progresses  from  the  load  points  or 
from  the  outermost  cracks  to  the  end  of  the  beam  at  a  rate  nearly  propor- 
tional to  the  increase  of  load.  The  rate  of  movement  of  the  bar  depends 
on  various  conditions,  but  it  is  approximately  constant  throughout  this 
length  after  the  end  of  the  bar  has  slipped  about  0.001  in. 

It  was  found  in  these  tests  that  the  small  openings  in  the  concrete 
which  were  made  in  the  bottom  of  the  beams  to  admit  the  plug  against 
which  the  extensometer  worked,  invited  tension  cracks,  except  near  the 
ends  of  the  beams.  These  cracks  frequently  formed  directly  under  the 
plate  carrying  the  extensometer  and  no  doubt  affected  the  character  of 
some  of  the  curves.  In  some  cases  it  was  impossible  to  tell  (except  as 
may  be  inferred  from  the  form  of  the  resulting  curve)  which  side  of  the 
crack  was  carrying  the  instrument.  It  is  clear  that  cracks  cannot  form 
in  a  reinforced  concrete  beam  without  more  or  less  slip  of  bar,  and  that 
the  instruments  near  cracks  will  indicate  the  greatest  amount  of  slip  at 
any  point  in  their  vicinity  rather  than  the  average  amount  over  some 
length  of  bar.  The  curves  for  points  uear  the  ends,  where  the  concrete 
is  unbroken,  are  generally  regular,  and  may  be  taken  to  represent  the 
true  load-slip  relation  at  these  points.  Generally  slip-of-bar  was  more 
pronounced  at  one  end  than  at  the  other,  although  in  some  of  the  tests 
the  two  ends  behaved  nearly  alike.  In  many  of  the  tests  it  could  be 
predicted  from  the  observed  differences  in  the  slip  measurements,  some 
time  before  the  completion  of  the  test,  at  which  end  of  the  beam  bond 
failure  would  occur. 

Table  39  gives  the  loads  corresponding  to  beginning  of  slip  at  the 
points  where  measurement  was  taken  in  the  tests  ol'  6-ft.  beams  in  the 
L912  series.  For  one-third  point  loading,  slip  of  bar  at  the  middle  be- 
came appreciable  at  about  the  same  load  for  all  the  beams,  regardless  of 
the  kind  of  bar  used;  this  l<>ad  averaged  about  3700  lb.,  corresponding 
to  a  tensile  stress  in  the  concrete  of  200  lb.  per  Bq.  in.,  if  the  concrete 
be  considered  as  taking  the  entire  stress.  For  the  same  beams  slip  of 
bar  began  under  the  leads  at  about  I  MM)  |b.  Tension  tracks  in  the 
concrete  were  not  generally  visible  until  the  load  was  more  than  double 
this  amount. 
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The  load-slip  curves  for  Beam  No.  1056.2  (Fig.  69)  may  be  con- 
sidered typical  of  those  obtained  in  the  tests  of  6-ft.  beams  reinforced 
with  1-in.  plain  rounds.  In  this  test,  slip  was  first  observed  in  the 
middle  portion  of  the  beam  at  a.  load  of  about  4000  lb.  At  the  middle, 
instrument  (1),  the  bar.  is  represented  as  moving  toward  the  right, 
but  the  direction  of  movement  would  have  been  reversed  had  it  happened 
that  the  instrument  was  carried  on  the  other  side  of  the  crack.  The  slip 
at  points  south  of  the  middle  is  greater  in  every  instance  than  at  the 
corresponding  point  at  the  north  end  of  the  beam.  A  general  slipping 
of  the  bar  occurred  at  the  S.  end  at  a  load  of  about  14  000  lb. ;  this  slip 
varied  from  about  0.0003  in.  at  the  end  to  0.005  in.  at  the  south  load 
point.  The  computed  bond  stress  at  this  load  was  about  270  lb.  per 
sq.  in.  Slipping  at  the  north  end  became  general  at  a  load  of  about 
16  000  lb.  The  beam  failed  by  bond  at  the  south  end,  as  shown  by  the 
flattening  of  the  curves  at  (3),  (5),  (7),  and  S. 

In  Beam  No.  1052.6  (Fig.  60b  and  69),  in  which  auxiliary  bars  were 
used  outside  the  load  points,  slip-of-bar  in  the  outer  thirds  began  at  a 
higher  load  than  in  other  similar  beams  without  these  bars.  This  was 
probably  due  to  the  auxiliary  bars  taking  a  part  of  the  tensile  stress  dur- 
ing the  early  stages  of  the  test  and  thus  relieving  the  tensile  stress  in  the 
main  longitudinal  reinforcing  bar  at  the  points  where  slip-of-bar  was 
measured.  These  auxiliary  bars  had  the  effect  of  reducing  the  number 
of  large  cracks  outside  the  load  points  (or  preventing  them  entirely)  as 
shown  in  the  photograph  in  Fig.  60b.  The  prevention  of  large  cracks 
seems  to  have  had  the  effect  of  causing  a  more  uniform  distribution  of 
the  bond  stress  along  the  bar  during  the  early  stages  of  slip.  Slip  be- 
came general  at  both  ends  at  a  load  of  about  16  000  lb.;  this  corresponds 
to  an  average  bond  stress  of  308  lb.  per  sq.  in.  The  slip  at  this  load 
varied  from  0.0005  in.  at  the  north  end  to  0.0012  in.  1  ft.  from  the 
supports.  The  pull-out  tests  (average  of  lowest  two  from  each  set) 
gave  a  bond  resistance  of  306  lb.  per  sq.  in.  at  an  end  slip  of  0.0005  in. 
The  presence  of  the  auxiliary  bars  had  no  influence  on  the  maximum 
bond  resistance. 

The  load-slip  curves  for  the  1-in.  square  bars  given  in  Fig.  74  show 
about  the  same  general  characteristics  as  those  for  beams  with  round 
bars.  In  testing  Beam  No.  1046.1'  measurements  of  slip  of  bar  were 
made  at  eleven  points.  The  low  loads  at  which  slipping  began  at  points 
(4),  (6)  and  (8)  is  noteworthy;  the  reversal  of  direction  in  the  curves 
for  points  (4)  and  (6)  was  due  to  the  opening  of  cracks  near  these  points 
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at  a  load  of  about  7000  lb.  In  spite  of  the  large  amount  of  slip  at 
point  (8),  failure  occurred  in  the  beam  at  the  opposite  end.  The 
curves  for  corresponding  points  at  the  opposite  ends  of  Beam  No. 
1046.2  show  an  unusual  uniformity.  It  will  be  seen  by  reference  to 
Fig.  62b  that  cracks  had  formed  near  each  of  the  instruments  (2), 
(3),  (4),  and  (5) ;  the  symmetry  of  the  curves  is  due  to  the  fact  that 
the  instruments  were  in  each  case  carried  by  the  concrete  outside  the 
crack.  The  curves  for  Beam  No.  1046.4  show  the  bar  to  have  been 
slipping  in  one  direction  throughout  nearly  two-thirds  of  its  length; 
however,  the  presence  of  a  crack  at  the  middle  makes  the  indicated 
direction  of  movement  of  the  bar  at  this  point  depend  upon  which  side 
of  the  crack  the  instrument  happened  to  be  carried. 

Slip-of-bar  measurements  at  intermediate  points  were  made  on  two 
beams  reinforced  with  1-in.  twisted  square  bars  (see  Fig.  75).  The 
bond  stresses  developed  were  lower  than  those  found  with  beams  rein- 
forced with  1-in.  plain  rounds.  The  curves  for  these  tests  exhibit  about 
the  same  characteristics  as  in  the  beams  with  plain  bars.  Vertical  and 
diagonal  cracks  formed  during  the  progress  of  the  tests  with  about  the 
same  frequency  as  in  the  other  beams.  The  nearly  vertical  direction  of 
the  curve  for  instrument  (2)  in  Beam  No.  1047.1  is  due  to  the  pres- 
ence of  a  crack  at  this  point.  The  load-slip  curves  for  the  north  ends 
of  Beams  No.  1047.1  and  1047.3  and  for  points  6  in.  from  the  north  end 
showed  a  large  increase  of  slip  at  an  applied  load  of  about  15,000  lb., 
immediately  after  slip  at  these  points  became  appreciable. 

Measurements  of  slip  of  bar  at  intermediate  points  were  taken  on 
four  beams  in  which  l^-in.  corrugated  rounds  were  used  for  longi- 
tudinal reinforcement.  Two  beams  (1048.3  and  1048.4)  were  tested  on 
a  6-ft.  span  and  two  (1049.2  and  1049.3)  were  tested  on  a  10-ft.  span. 
Load-slip  curves  are  given  in  Fig.  75  and  76.  Slip  began  at  points 
near  the  middle  of  the  beam  at  approximately  the  same  loads  as  in  the 
beams  reinforced  with  plain  bars.  In  the  outer  thirds,  after  slip  began, 
the  corrugated  bar  moved  at  a  slower  rate  under  a  somewhat  higher 
bond  stress  than  the  plain  bars.  Cracks  in  the  beams  reinforced  with 
corrugated  bars  occurred  with  about  the  same  frequency  as  in  the 
beams  with  plain  bars.  The  curves  for  points  (2),  (3),  (4),  and  (5) 
on  Beam  No.  1048.3  (see  Fig.  76)  illustrate  the  effect  of  cracks  on 
the  amount  of  movement  of  the  bar  at  the  various  points  with  respect 
to  the  adjacent  concrete.  Instrument  (2)  was  carried  by  the  concrete 
outside  the  crack,  hence  registered  a  very  large  movement;  instrument 
(3)   was  carried  by  the  concrete  inside  the  crack,  hence  showed  prac- 
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tically  no   slip.     The   crack   near    instrument    (4)    crossed   the   bottom 

of  the  beam  in  such  a  way  that  the  instrument  was  carried  by  the 
concrete  on  both  sides  of  the  crack.  Instrument  (  5  )  was  about  3  in. 
outside  a  crack  until  near  the  maximum  load,  hence  indicated  about 
the  normal  amount  of  slip.  The  instruments  at  the  ends  and  at 
points  (6)  and  (7)  were  undisturbed  by  cracks  and  hence  more 
nearly  indicate  the  relation  between  load  and  the  amount  of  slip, 
which   may  be  expected  under  these  conditions. 

The  influence  of  span  length  on  the  slip  of  the  reinforcing  bars 
at  internal  points  is  shown  for  typical  tests  in  Fig.  71,  72  and  \-k 
The  span  varied  from  5  to  10  ft. ;  the  points  of  application  of  the 
load  are  shown  in  the  figures.  For  convenience  of  reference  the 
curves  for  Beam  No.  1056.2  (6-ft.  span)  are  repeated  here  to  the 
same  scale  as  used  in  the  beams  of  other  spans.  It  should  be  borne  in 
mind  that  in  general  the  8  and  10-ft.  beams  failed  in  tension.  The 
curves  for  Beam  Xo.  1051.2  (5-ft.  span)  are  about  the  same  as  found 
for  the  6-ft.  beams ;  slip  became  appreciable  near  the  middle  at  a  load 
of  about  4000  11).  and  gradually  extended  toward  each  end.  The  bond 
stresses  developed  in  the  5-ft.  beams  at  first  end  slip  and  at  the  maximum 
loads  are  about  the  same  as  for  the  similar  beams  of  6-ft.  span.  Slip 
began  near  the  middle  of  the  7-ft.  beams  at  a  somewhat  lower  load 
than  in  the  6-ft.  beams;  slip  near  the  ends  of  the  bars  began  at  a  bond 
stress  a  little  higher  than  in  the  6-ft.  beams.  In  the  8-ft.  beams  slip 
began  near  the  middle  at  about  the  same  load  as  in  the  7-ft.  beams.  The 
slip  at  the  ends  of  the  bars  did  not  amount  to  more  than  0.001  in.  in 
any  case.  In  the  10-ft.  beams  loaded  at  the  one-third  points,  slip  of 
the  bar  became  apppreciable  near  the  middle  at  applied  loads  below  2000 
lb.  Slip  began  at  points  3  in.  inside  the  supports  at  about  the  same  load 
as  in  the  6-ft.  beams.  At  the  ends  of  the  bars  slip  was  only  beginning 
at  the  maximum  load. 

The  10-ft.  beams  loaded  at  two  points  0  ft.  apart  behaved  in  much 
the  same  way  as  the  6-ft.  beam  of  the  same  kind  loaded  at  (he  one-third 
points.  This  i<  as  was  expected,  since  the  relation  i)\'  the  dimensions  of 
the  beam  (as  far  as  bond  and  web  stresses  are  Concerned)  were  the  same 
in  both  cases.  These  tests  show  that  local  slip  o(  liar  near  the  middle 
of  the  beam  is  found  at  loads  which  are  lower  than  those  at  which  ten- 
sion d;nks  appear  in  the  concrete:  this  probably  indicates  that  cracks 
were  presenl  some  time  before  they  became  visible,  and  that  beginning 
of  slip  was  probably  coincident  with  the  opening  of  the  most  minute 
tension  cracks. 
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I  a )     Showing   Instruments   for   Measuring    Center   Deflection   and    Slip   of    Bar 

at    Intermediate    Points. 


(b)     Showing-   Instruments   for   Measuring   Slip  of    Bar   at    End   and   at    Inter- 
mediate   Points. 


Fig.  56.     Reinforced  Concrete  Beams  in   Machine  Ready  for  Test. 
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(a)     Group  1.     One  1-in.  Plain  Round  Bar;    No  Stirrups. 
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(b)     Group  2.     One  1-in.   Plain  Round  Bar;    J4-in.   Stirrups. 


(c)     Group  3.     One  1-in.  Plain  Round  Bar;    i/^-in.  Stirrups. 
Fig.  57.     Reinforced  Concrete  Beams  after  Test— 1911  Series. 


ABRAMS TESTS  OF  BOND  BETWEEN    CONCRETE  AND  STEEL  185 


(a)     Group  6.     One  1-in.  Plain   Round  Bar;    4  in.  of  Concrete  Below  Bar; 

No   Stirrups. 
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(b)  Groups  7  and  13.    Ends  of  Beams  Overhanging  Supports  9  in. 


(c)     Groups  8  and  10.    Ends  of  Beams  Overhanging  Supports  15  in. 
Fig.  58.    Reinforced  Concrete  Beams  after  Test — 1911  Series, 
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(a)  Groups  1  and  13.     Beams  No.  1040.1  and  1040.2  were  Each  Reinforced 
with  One  lj^-in.  Corrugated  Round  Bar. 


(1))     Groups  10  and  11.     One  LJ4~in.   Plain  Round   Bar. 
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(c)     Group  34.    One  I's-in.  Corrugated  Round  Bar;    Span  10  ft. 
Fig.  59.    Reinforced  Concrete  Beams  after  Ti 
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(a)     Group  14.     One  1-in.   Plain  Round  Bar. 
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(b)    Group  16.     One  1-in.   Plain   Round  Bar;   Auxiliary  Bars  at 
Each  End  of  Beam. 
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(c)     Group  17.     One  1-in.  Plain  Round  Par,  Span  6  ft.:    Loads  2'i/   ft.  Apart. 
Fig.  60.     Reinforced  Concrete  Beams  after  Test — 1912  Series. 


188 


ILLINOIS   ENGINEERING   EXPERIMENT   STATION 


3./ 


k 


,6        )» 


ii  j; 


© 


r  % 


-'6 


(6^      ;4>     «2 


MttH 


(a)     Group  18.    One  1-in.  Plain  Round  Bar,  Span  6  ft. ;   Loads  3  ft.  Apart. 
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(b)    Group  19.    One  1-in.  Plain  Round  Bar,  Span  6  ft.;    Loads  3i/£  ft.  Apart. 
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(c)    Group  20.    One  1-in.  Plain  Round  Bar,  Span  6  ft.;    Loads  4  ft.  Apart. 
Fig.  61.    Reinforced  Concrete  Beams  after  Test— 1912  Series. 
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(a)     Group  27.     Four  ^j-in.   Plain  Round  Bars. 


(b)     Group  29.     One  1-in.  Plain  Square  Bar. 
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(c)     Group  32.     One  1^-in.  Corrugated  Round  Bar. 
Fig.  62.    Reinforced  Concrete  Beams  after  Test — 1912  Series. 
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(a)     Group  21.     One  1-in.  Plain  Round  Bar;    Span  5  ft. 
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(b)     Group  22.     One  1-in.   Plain   Round   Bar;   Span   7    ft. 
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(c)      Group  23.     One   1-in.   Plain  Round   Bar;    Span  S    ft. 
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(d)    Groups  21  and  25.    One  1  in.  Plain  Round  Bar:    Span  10  ft. 
Fig.  63.     Reinforced  Concrete  Beams    vfter  Test— -1912  Series. 
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The  curves  for  the  groups  of  6-ft.  beams  in  which  the  loads  were 
applied  at  varying  distances  apart  exhibit  some  distinctive  character- 
istics (see  Fig.  69  and  70).  These  tests  show  with  unusual  distinctness 
the  progress  of  slip  of  the  bar  from  the  middle  toward  the  ends  of  the 
beams.  There  are  many  illustrations  in  this  group  as  to  the  effect  of 
cracks  on  the  slip  of  the  bar.  The  curves  for  point  (1)  in  Beams  No. 
1056.2  and  1057.2  show  the  amount  of  slip  which  may  be  expected  very 
close  to  a  crack  at  the  middle  of  a  beam;  the  curves  for  points  (1)  and 
(2)  in  Beam  No.  1060.3  show  that  little  or  no  slip  occurred  at  points 
midway  between  two  cracks  in  the  portion  of  the  beam  where  vertical 
shear  was  absent;  the  curves  Tor  points  (2)  and  (4)  in  Beam  No.  1057.2 
and  for  points  (2)  and.  (3)  in  Beam  Xo.  1056.2  show  that  slip  of  bar 
may  be  erratic  at  points  on  the  near  side  of  a  crack.  Slip  at  points 
outside  the  loads  was  abnormally  large  on  the  far  side  of  the  cracks. 

95.  Distribution  of  Tensile  Stress  along  Reinforcing  Bar. — The 
usual  analysis  of  the  stresses  in  a  reinforced 'concrete  beam  indicates  that 
in  a  beam  loaded  as  in  these  tests  (disregarding  the  weight  of  the  beam) 
the  tensile  stress  in  the  reinforcement  is  uniform  between  the  loads  and 
decreases  at  a  uniform  rate  from  the  load  points  towards  the  ends, 
becoming  zero  at  the  supports.  The  slip  of  bar  measurements  which 
were  made  in  many  of  the  reinforced  concrete  beam  tests  gave  some 
indication  of  the  bond  stresses  being  developed  as  long  as  the  amount 
of  slip  was  small  and  showed  the  general  variations  in  bond  stresses, 
but  it  will  be  recognized  that  after  the  slip  of  bar  has  reached  an 
amount  approximating  that  corresponding  to  the  maximum  bond  re- 
sistance, such  measurements  are  of  no  further  value  in  indicating  the 
amount  of  bond  stress  being  developed.  There  are  indications  that 
the  amount  of  slip  corresponding  to  the  maximum  bond  resistance  of 
plain  bars  was  not  nearly  so  well  denned  in  the  beams  as  it  was  in  the 
pull-out  tests.  In  order  to  learn  the  amount  of  bond  stress  being  de- 
veloped over  any  given  length  of  bar  in  a  reinforced  concrete  member, 
we  must  first  determine- the  exact  stress  developed  in  the  reinforcing 
bar  at  each  point  over  this  length  for  a  given  load.  If  we  can  accu- 
rately determine  the  variations  in  the  steel  stress  the  bond  stress  will 
also  be  known,  since  the  bond  Gtress  developed  in  any  length  of  bar  rep- 
resents the  change  in  tensile  stress  over  that  length. 

In  the  tests  of  three  beams  in  the  1912  series  careful  measurements 
were  made  to  determine  the  stress  in  the  longitudinal  reinforcing  bar 
at  frequent  intervals  throughout  the  span  length.     These  tests  will  be 


192  ILLINOIS  ENGINEERING   EXPERIMENT  STATION 

discussed  in  detail  in  the  following  paragraphs.  All  of  these  beams 
were  8  by  12  in.  in  section,  10  in.  deep  to  the  center  of  the  reinforcing 
bar;  they  were  tested  by  loads  applied  at  the  one-third  points  of  a  10-ft. 
span.  Beams  No.  1055.3  and  1055.6  were  each  reinforced  with  one 
1-in.  plain  round  bar;  Beam  No.  1049.3  was  reinforced  with  one  1%-in. 
corrugated  round  bar.  In  Beam  No.  1049.3  the  tensile  stresses  were 
measured  at  10  6-in.  gauge  lengths  over  only  one-half  the  span  length; 
in  the  other  two  tests  the  stresses  were  measured  at  19  gauge  lengths 
over  the  entire  span.  In  all  the  tests  the  gauge  lines  formed  a  con- 
tinuous series.  A  non-fixed  strain  gauge  was  used  in  determining  the 
change  in  stress.*  Load  was  applied  in  increments  of  about  2000  lb. 
In  the  test  of  Beam  No.  1055.3  the  deformations  in  the  reinforcing 
bar  were  measured  at  each  increment  of  load;  in  the  other  two  tests 
each  load  was  released  and  measurements  were  taken  to  determine  the 
residual  stresses,  before  applying  a  higher  load.  In  Fig.  G4  to  67  the 
distribution  of  bond  and  steel  stresses  are  shown  for  different  loads  on 
the  beams.  In  these  figures  the  ordinates  or  abscissas  to  the  curves 
show  the  amount  of  the  stress  in  the  reinforcing  bar  at  any  point  for 
the  loads  shown,  while  the  slope  of  these  curves  is  proportional  to  the 
bond  stress  being  developed.  In  Fig.  64  and  65  the  curves  for  Beams 
No.  1055.3  and  1055.6  have  been  plotted  by  averaging  the  stresses  at 
the  corresponding  gauge  lines  at  the  two  ends  of  the  beam  and  plotting 
the  resulting  values  as  the  stresses  for  one-half  the  span  length.  This 
probably  accounts  in  some  measure  for  the  greater  regularity  in  the 
curves  for  beams  reinforced  with  plain  bars.  It  should  be  pointed  out 
here  that  the  values  for  steel  stresses  were  determined  from  measure- 
ments over  a  6-in.  gauge  length,  and  it  is  evident  that  the  stress  may 
vary  considerably  over  this  length  of  bar,  especially  at  points  where  the 
bar  has  not  slipped  an  amount  corresponding  to  the  maximum  bond 
resistance.  The  stresses  given  on  the  diagrams  are  the  averages  over 
the  entire  gauge  length.  The  plotted  points  indicate  the  location  of  the 
middles  of  the  gauge  lengths.  It  seems  probable  that  a  6-in.  gauge  length 
was  too  long  to  accurately  locate  the  points  of  maximum  bond  stress 
in  the  region;  affected  by  cracks,  but  it  was  not  practicable  to  use  a 
shorter  gauge  length.  Of  course,  the  usual  errors  of  observation  mav 
be  expected  to  affect  measurements  of  this  kind.  The  presence  of 
tensile  cracks  in  the  concrete  was  another  disturbing  factor. 


•For  a  detailed  discussion  of  this  strain  gauge  see  "Tests  of  Reinforced  Concrete  Buildings 
Under  Load,"  by  Arthur  N.  Talbot  and  Willis  A.  Slater,  University  of  Illinois  Engineering 
Experiment  Station  Bulletin  No.  64,  1918.  Also,  "Use  of  the  Strain  Gag*  in  Testing  Ma- 
terials," by  Willis  A.  Slater  and  Herbert  F.  Moore;  "Proceedings  of  the  American  Society 
for  Testing  Materials,"   1918. 
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Table  40  gives  some  of  the  significant  bond  stresses  for  these  beams 
as  computed  by  the  usual  method  and  as  determined  from  the  steel 
stress  measurements.  In  this  table  and  in  the  figures  only  the  stresses 
due  to  the  applied  loads  have  been  considered.  The  first  column  of  ob- 
served stresses  are  generally  the  average  stresses  over  a  length  of  about 
12  in.  in  the  portion  of  the  beam  about  4  to  16  in.  outside  the  load 
points.  The  other  column  shows  the  average  observed  stresses  over  a 
length  of  9  to  15  in.  at  the  ends  of  the  beam.  The  photographs  in 
Fig.  59  and  63  show  the  location  of  cracks  in  thesa  beams  and  their 
growth  with  increase  of  load.  The  numbers  inside  the  circles  at  the 
level  of  the  reinforcing  bars  are  opposite  the  points  at  which  measure- 
ments of  steel  stress  were  made. 


TABLE  40. 
Distribution  of  Bond  Stress  in  Reinforced  Concrete  Beams. 

Beams  8  by  12  in.  in  section,  10  in.  deep  to  center  of  reinforcing  bar.       Loaded  at 
the  one-third  points  of  a  10-ft.  span. 

All  beams  failed  by  excessive  tensile  stress  in  the  reinforcing  bars. 


Observed  Bond  Stress 

Beam 
No. 

Size  and  Kind  of  Bar 

Age 

at 
Test 

Applied 

Load  on 

Peam 

Average 

Computed 

Bond 

Stress 

Over  Region 
just  Outside 

Near 
Ends  of 

pounds 

lb.  per  sq.  in. 

of  Load 

Points* 

lb  per  sq.  in. 

Beamf 
lb.  per  sq.  in. 

2  000 

38 

100 

16 

4  000 

76 

125 

34 

1055.6 

One  1-in.  Plain  Round 

2yr. 

6  000 
8  000 

114 
152 

191 

226 

36 

64 

10  000 

190 

201 

117 

11  700  . 

222 

165 

238 

2  000 

38 

48 

15 

4  000 

76 

75 

54 

1055.3 

One  1-in.  Plain  Round 

2yr. 

6  000 

114 

155 

95 

8  000 

152 

141 

100 

10  000 

190 

200 

130 

10  700 

203 

140 

156 

2  000 

34 

80 

20 

-  4  000 

68 

137 

45 

6  000 

102 

226 

95 

8  000 

135 

285 

135 

10  000 

170 

250 

150 

1049.3 

One  l\i-m-  Corrugated  Round 

13  mo. 

12  000 

204 

315 

150 

14  000 

236 

350 

225 

16  000 

270 

385 

260 

18  000 

306 

400 

290 

20  000 

338 

450 

315 

21  000 

355 

200 

360 

21  900 

370 

390 

*  These  stresses  are,  in  general,  the  average  bond  stresses  developed  over  a  length  of  about  12  in.  in  the  portion 
of  the  beam  about  4  to  16  in.  outside  the  load  points. 

t  The  average  observed  stress  over  a  length  of  9  to  15  in.  at  the  ends  of  the  beam. 
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(a)     Load-Stress   Curves    for   Longitudinal   Bar. 
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(b)      Distribution   of   Tensile   Stress   in   Longitudinal    Bar. 


Fig.  64.     Diagrams  from  Test  of  Beam   No.  1055.0.     One  1-in.  Plain  Round 

Bab  ;    Stan    10  ft. 
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Beam  No.  1055.6,  reinforced  with  one  1-in.  plain  round  bar,  failed 
by  tension  in  the  steel,  although  slip  at  each  end  of  the  bar  at  the 
maximum  load  amounted  to  about  0.002  in.  From  measurements  of 
steel  stress  in  this  test  it  is  seen  that  there  ig  a  wide  variation  in  the 
bond  stresses  developed  at  a  given  load  along  the  bar  through  the  region 
where  beam  bond  stress  is  present.  At  a  load,  of  2000  lb.  the  steel 
stress  through  the  middle  third  of  the  beam  was  nearly  constant,  with 
evidence  of' the  highest  stress  about  6  in.  outside  the  load  point.  It  is 
significant  that  the  photograph  of  this  beam,  Fig.  63d,  shows  a  crack 
at  this  point  on  both  ends  of  the  beam.  This  crack  was  not  observed 
until  a  load  of  4000  lb.  had  been  applied,  but  it  is  evident  that  the 
measurements  at  2000  lb.  load  indicate  that  stresses  higher  than  usual 
were  being  developed  at  these  points.  At  a  load  of  2000  lb.  the  average 
bond  stress  developed  over  the  6-in.  length  between  the  gauge  lines  (6) 
and  (5)  was  about  100  lb.  per  sq.  in.;  a  stress  of  about  the  same  value 
was  being  developed  between  gauge  lines  (3)  and  (2),  and  it  is  signifi- 
cant that  cracks  opened  at  these  points  at  low  loads.  It  seems  probable 
that  the  highest  bond  stress  developed  at  a  load  of  2000"  lb.  was  con- 
siderably higher  than  100  lb.  per  sq.  in.,  since  the  measurements  over 
6-in.  gauge  lengths  probably  did  not  show  the  most  rapid  changes  in 
steel  stress.  Over  the  15-in.  length  from  (2)  to  the  end  of  the  beam 
the  bond  stress  at  this  load  was  about  16  lb.  per  sq.  in.  At  this  load 
the  computed  bond  stress  was  38  lb.  per  sq.  in.  With  a  load  of  4000  lb. 
the  average  bond  stress  developed  over  the  12-in.  length  from  (6)  to 
(4)  was  125  lb.  per  sq.  in.;  from  (3)  to  (2)  about  200  lb.  per  sq.  in.; 
from  (2)  to  the  end,  34  lb.  per  sq.  in.  The  computed  bond  stress  due 
to  an  applied  load  of  4000  lb.  was  76  lb.  per  sq.  in.  In  other  words, 
an  applied  load  of  4000  lb.,  which  developed  a  steel  stress  in  the  middle 
third  of  about  13  000  lb,  per  sq.  in.,  developed  a  bond  stress  over  cer- 
tain regions  of  the  span  length  equivalent  to  90%  of  the  computed 
bond  stress  at  the  maximum  load  carried  by  the  beam.  A  load  of 
6000  lb.,  which  produced  a  temile  stress  in  the  bar  at  the  middle  third 
of  the  span  of  about  20  000  lb.  per  sq.  in.,  developed  a  bond  stress 
between  (6)  and  (5)  of  191  lb.  per  sq.  in.;  at  the  end  of  the  beam 
the  stress  at  this  load  was  36  lb.  per  sq.  in.  A  load  of  8000  lb.  pro- 
duced a  bond  stress  from  (6)  to  (4)  of  226  lb.  per  sq.  in.,  and  64  lb. 
per  sq.  in.  at  the  end:  the  computed  bond  stress  at  this  load  was  152  lb. 
per  sq.  in.  With  a  load  of  10  000  lb.  on  the  beam  the  average  bond 
stress  over  the  length  of  12  in.  from  (6)  to  (4)  was  201  lb.  per  sq.  in., 
or  lower  than  was  found  in  this  region  at  a  load  of  8000  lb.;  from  (3) 
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to  (2)  the  indicated  load  stress  was  390  lb.  per  sq.  in.,  but  it  is  pos- 
sible that  the  points  plotted  for  steel  stress  are  somewhat  erratic.  There 
was  a  marked  shifting  of  the  stresses  following  a  load  of  10  000  lb. 
At  the  maximum  applied  load  of  11  700  lb.  the  bond  stress  at  points 
just  outside  the  load  had  fallen  still  lower,  while  the  stress  near  the 
ends  of  the  beam  was  more  than  double  what  it  was  under  a  load  of 
10  000  lb.  At  the  maximum  load  the  highest  bond  stress  was  devel- 
oped between  points  (4)  and  (2)  and  amounted  to  about  294  lb.  per 
sq.  in.  It  will  be  seen  from  Fig.  64b  that  the  region  of  maximum  bond 
stress  was  thrown  from  near  the  load  point  toward  the  end  of  the  beam 
as  the  loading  continued.  It  should  be  borne  in  mind  that  this  beam 
was  2  years  old  at  the  time  of  test  and  did  not  fail  by  bond.  The  values 
in  Table  40  show  some  of  the  changes  which  the  bond  stresses  under- 
went as  the  load  was  increased.  The  bond  stress  near  the  load  point 
did  not  show  any  marked  increase  after  a  load  of  6000  lb.,  while  at 
the  end  there  was  a  continuous  increase  up  to  the  maximum  applied 
load.  Still  higher  bond  stresses  could  have  been  developed  near  the 
ends  of  the  beam  had  the  bar  been  of  steel  with  a  higher  yield  point. 
Fig.  64a  shows  that  the  residual  stress  in  the  reinforcing  bar  upon 
release  of  load  was  about  proportional  to  the  stress  under  load  for  the 
lower  loads.  After  a  load  of  6000  lb.  there  is  no  further  increase  in 
the  residual  stresses.  At  loads  near  the  maximum  the  residual  stresses 
were  nearly  equal  at  all  points  except  over  the  gauge  lines  nearest  the 
ends. 

Beam  No.  1055.3,  reinforced  with  one  1-in.  plain  round,  was  simi- 
lar to  No.  1055.6.  Tn  this  test  the  loads  were  not  released.  Fig.  65 
shows  the  distribution  of  the  tensile  stress  in  the  reinforcing  bar  for 
different  loads;  the  plotted  points  are  the  averages  of  the  measurements 
at  corresponding  points  in  the  two  ends  of  the  beam.  This  beam  did 
not  show  as  wide  variations  of  bond  stress  as  were  found  in  the  test 
of  Beam  No.  1055.6  discussed  above,  but  many  features  of  the  tests 
are  similar.  It  is  noteworthy  that  the  bond  stresses  developed  near 
the  ends  of  tlie  beam  were  never  more  than  about  75%  of  the  com- 
puted bond  stress.  The  bond  stresses  near  the  end  are  shown  to  be 
low  by  the  fact  that  at  the  maximum  load  the  end  slip  of  the  bar  was 
only  0.000.1  in.  This  beam  failed  by  tension  in  the  reinforcing  bar. 
A  further  examination  of  the  results  of  these  testa  on  beams  of  similar 
make-up,  as  shown  in  the  tables  and  diagrams,  will  indicate  how  much 
variation  may  be  expected  in  the  action  of  beams  which  are  of  the  same 
dimensions  and  made  of  the  same  materials, 
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Beam  No.  1049.3  was  reinforced  with  one  1%-in.  corrugated  round 
bar  of  high-carbon  steel.  This  beam  was  tested  at  the  age  of  13  mo. 
on  a  10-ft.  span.  Measurements  were  made  to  determine  the  variation 
in  stress  in  the,  reinforcing  bar  at  10  points  along  one-half  the  span 
length  and  to  determine  the  amount  of  slip  of  bar  at  five  points  of  the 
other  half  of  the  span.  A  complete  set  of  observations  were  taken  after 
the  application  of  each  load  and  another  upon  releasing  each  load.  The 
observed  values  of  steel  stress  and  slip  of  bar  are  plotted  in  Fig.  66 
and  67.  It  will  be  noted  that  the  load-stress  curves  from  this  test 
show  much  greater  irregularities  than  were  found  in  the  other 
tests.     This  is  probably  largely  due  to  the  fact  that  in  this  test  the 
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Distribution  of  Tensile  Stress  in  Bar  in  Beam  No.  1055.3. 
One  1-in.  Plain  Round  Bar;  Span  10  ft. 


points  are  the  result  of  a  single  measurement,  whereas  in  the  tests 
described  above  the  points  represent  the  average  of  the  values  from 
both  ends  of  the  beam.  At  a  load  of  4000  lb.,  about  one-fifth  the 
maximum  applied  load,  a  bond  stress  of  137  lb.  per  sq.  in.  was  being 
developed  over  the  region  (6)  to  (4)  and  an  average  of  about  45  lb. 
per  sq.  in.  over  the  21-in.  length  at  the  end  of  the  beam.  The  varia- 
tion of  bond  stress  throughout  the  test  can  be  studied  from  the  dia- 
grams in  Fig.  67  and  from  the  values  in  Table  40.  The  observed  bond 
stress  over  the  region  just  outside  the  load  point  continued  to  rise  until 
it  reached  450  lb.  per  sq.  in.  at  a  load  of  20  000  lb.  Near  the  end  of 
the  beam  the  bond  stress  continued  to  rise  until  it  reached.  390  lb.  per 
sq.  in.  at  the  maximum  load  of  21  900  lb.  The  highest  bond  stress 
observed  over  a  considerable  length  of  the  bar  in  this  test  occurred  be- 
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Slip  of  Longitudinal  Bor  -Inches 

(a)     Load-slip  Curves  for  Longitudinal  Bar. 
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(b)     Load-stress  Curves  for  Longitudinal  Bar. 


Fig.  66.     Diagrams  from   Test  or  Beam  No.  1049..X     One  1^-in.  Corrugated 
Round  Bar;    Span  10  ft. 
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(a)     Load-stress  Curves  for  Longitudinal  Bar. 
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(b)     Distribution  of  Tensile  Stress  in  Longitudinal  Bar. 

Fig.  67.    Diagrams  from  Test  of  Beam  No.  1049.3.     One  1^-in.  Corrugated 
Round  Bar;    Span  10  ft. 
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tween  (3)  and  (1)  at  the  maximum  load,  and  amounted  to  580  lb. 
per  sq.  in.  It  is  evident  that  stresses  as  high  as  this  must  have  occurred 
at  all  points  along  the  bar  from  the  load  point  to  (3)  at  some  stage 
of  the  test,  but  the  measurements  were  not  sufficiently  refined  or  the 
observations  taken  at  sufficiently  frequent  intervals  to  detect  such 
changes.  This  makes  it  apparent  that  there  must  be  very  rapid  changes 
in  the  distribution  of  bond  stress  along  the  bar  in  a  test  of  this  kind. 
Fig.  66a  shows  the  slip  of  bar  at  five  points  in  Beam  No.  1049.3.  The 
amount  of  slip  measured  at  any  point  depends  to  a  large  extent  upon 
the  proximity  of  cracks  in  the  concrete  and  the  load-slip  curves  may 
be  expected  to  show  considerable  variation  due  to  this  cause.  The 
residual  slip  after  release  of  load  is  equal  to  about  one-half  the  total 
slip  up  to  a  load  of  about  16  000  lb.  The  residual  tensile  stresses  in 
the  bar  exhibit  about  the  same  characteristics  as  the  residual  slip-of- 
bar  measurements.  It  is  noteworthy  that  the  residual  tensile  stresses 
over  the  larger  portion  of  the  length  under  observation  did  not  increase 
much  with  increase  of  load  after  a  load  equal  to  about  one-half  the 
maximum  had  been  applied.  It  is  probable  that  a  period  of  rest  fol- 
lowing the  release  of  a  load  would  have  shown  a  material  reduction  in 
the  residual  stresses  measured. 

These  tests  show  that  the  actual  bond  stresses  developed  in  beams 
of  this  kind  vary  widely  at  all  stages  of  the  tests  and  that  the  bond 
stress  calculated  in  the  usual  way  represents  the  average  stress,  but 
does  not  indicate  the  extremes  of  stress  in  different  portions  of  the 
span  where  beam  bond  stresses  are  present.  The  actual  bond  stresses 
developed  varied  from  less  than  one-half  to  more  than  twice  the  cal- 
culated bond  stress  as  determined  in  the  usual  manner. 

As  was  pointed  out  in  Art.  68,  "Phenomena  of  Beam  Tests,"  these 
tests  indicate  thai;  at  the  early  loads  which  develop  the  maximum  beam 
bond  resistance  over  a  short  length  of  bar  outside  the  load  points  in 
beams  in  which  the  distance  from  the  load  to  the  support  is  as  much  as 
four  limes  the  effective  depth,  the  bond  stress  developed  near  the  ends 
of  the  bar  may  not  be  more  than,  say,  15%  of  the  maximum  bond  re- 
Bistance.  The  ratio  of  these  stresses  was  not  definitely  determined,  but 
the  measurements  of  the  tensile  stress  in  the  steel  and  the  slip  of  bar 
indicate  that  the  ratio  given  is  approximately  correct.  It  is  probable 
that  for  Longer  beams  the  value  would  be  found  to  be  lower;  in  shorter 
beams  the  bond  stress  at  the  end  of  the  bar  when  the  maximum  bond 
resistance  was  firsi  developed  outside  the  load  points  was  probably  as 
high  as  40%  of  the  maximum  bond  resistance. 
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In  Fig.  68  is  shown  the  distribution  of  bond  and  tensile  stresses 
which  may  be  expected  in  a  reinforced  concrete  beam  which  fails  by 
bond  under  two  symmetrical  loads.  The  curves  indicate  the  changes 
which  the  stresses  at  different  points  undergo  as  the  load  is  increased. 
In  the  region  between  the  loads  the  tensile  stress  in  the  bar  would  be 
constant  (disregarding  the  weight  of  the  beam  and  the  effect  of  anti- 
stretch  slip)  as  indicated  by  the  horizontal  lines  in  the  left  portion  of 
the  figure.  Between  the  load  point  and  the  support,  the  tensile  stress 
at  any  point  would  be  represented  by  the  ordinates  to  the  curves  and  the 
oblique  lines,  and  the  bond  stress  by  the  slope  of  these  lines.  The  dia- 
gram indicates  that  the  maximum  beam  bond  resistance  is  first  developed 
a  short  distance  outside  the  load  point  at  a  load  of  40%  of  the  maximum 
load.  The  region  over  which  the  maximum  bond  resistance  is  being 
developed  by  a  given  load  is  indicated  by  the  heavy  solid  lines.  Since  a 
bond  stress  much  higher  than  the  average  is  developed  over  a  portion  of 
the  span,  it  is  evident  that  at  other  points  the  bond  stress  must  be  less 
than  the  average.  For  a  load  40%  of  the  maximum  the  computed  tensile 
stress  outside  the  load  point  would  be  indicated  by  the  ordinates  to  the 
dotted  line  KS,  and  the  bond  stress  by  the  slope  of  this  line,  while  the 
actual  distribution  of  the  tensile  and  bond  stresses  would  be  represented 
somewhat  as  shown  by  the  curved  solid  line  KS.  This  curve  indicates 
that  for  a  short  distance  outside  the  load  point  and  near  the  support  the 
bond  stress  is  small,  and  that  over  a  short  length  the  maximum  bond 
resistance  is  being  developed.  As  the  load  is  increased  the  region  just 
outside  the  load  point  over  which  the  bond  stress  is  small  is  gradually 
extended  and  at  the  same  time  the  portion  of  bar  over  which  the  maxi- 
mum bond  resistance  is  being  developed  is  lengthened  and  pushed  nearer 
the  support.  At  the  load  causing  failure  by  bond  the  actual  stress  in  the 
bar  is  somewhat  as  shown  by  the  line  TLOS.  In  other  words,  the 
maximum  bond  resistance  developed  is  represented  to  scale  by  MR  in- 
stead of  by  LE  as  computed;  and  at  failure  this  maximum  stress  was 
being  developed  over  the  length  of  bar  PS,  instead  of  over  the  length 
RS,  as  assumed  by  the  usual  methods  of  calculation.  The  parabolic  line 
TS  represents  the  theoretical  stresses  for  a  uniformly  distributed  load 
which  produces  the  same  maximum  tensile  stress  at  the  mid-span  as  that 
produced  by  the  concentrated  loads  shown.  This  curve  suggests  that  a 
uniform  load  gives  a  more  favorable  condition  for  bond  than  concen- 
trated loads.    This  is  also  evident  from  other  considerations. 
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It  is  not  intended  that  Fig.  68  should  give  a  quantative  indication 
of  the  distribution  of  stresses  in  any  particular  reinforced  concrete 
beam.  The  presence  of  anti-stretch  slip  and  the  bond  stresses  due  to 
this  cause  will  greatly  modify  this  distribution  of  stresses  over  certain 
regions  of  the  span.  However,  it  is  clear  that  this  somewhat  idealized 
sketch  does  suggest  the  explanation  of  the  discrepancy  between  the  com- 
puted bond  stresses  in  beam  tests  and  the  bond  resistance  found  in  other 
ways.  The  more  accurate  determination  of  the  actual  distribution  of 
these  stresses  for  beams  of  different  make-up  is  a  proper  subject  for 
further  experimental  study. 

96.  Relation  of  Slip  of  Bar  to  Diagonal  Tension  Cracks. — About 
80  per  cent  of  the  beams  reported  in  this  bulletin  failed  in  bond  or  an 
obvious  combination  of  bond  and  diagonal  tension.  In  many  tests  it 
was  difficult  to  definitely  assign  the  primary  cause  of  failure,  since  the 
bar  had  shown  considerable  slip  and  at  the  same  time  there  were  evi- 
dences of  failure  from  excessive  diagonal  tensile  stresses  in  combination 
with  the  large  slip.  In  assigning  the  manner  of  failure  as  shown  in  the 
tables,  all  the  evidence  of  the  test  was  considered — the  slip  of  bar  at  the 
ends  and  at  intermediate  points,  the  size  and  position  of  cracks  in  the 
beam  and  the  calculated  stresses  in  the  steel  and  concrete.  In  some  of 
the  tests  the  measurements  gave  indications  of  bond  failure,  but  the 
calculated  tensile  stress  in  the  bar  and  the  cracks  in  the  beam  showed 
that  the  longitudinal  steel  was  over-stressed  at  the  middle  of  the  span. 

At  failure  nearly  all  of  the  beams  except  those  of  the  longer  spans 
showed  one  or  two  prominent  diagonal  cracks  at  one  or  both  ends  about 
midway  between  the  load  and  the  support.  In  Tables  28  and  3-i  the 
applied  loads  on  the  beam  at  the  time  of  the  observation  of  the  first 
outer  crack  and  at  the  first  slip  of  the  ends  of  the  bar  have  been  given 
in  parallel  columns.  Reference  to  Fig.  69  to  76  and  to  Table  39  will 
show  that  slip  of  bar  becomes  appreciable  at  points  about  midway 
between  the  loads  and  the  supports  at  loads  about  one-third  the 
maximum  for  the  beams  reinforced  with  plain  bars  and  loaded  at  the 
one-third  points.  For  25  tests  on  such  beams  the  first  visible  crack 
outside  the  load  points  appeared  at  loads  averaging  57%  of  the 
maximum  and  slip  at  the  end  began  at  70%  of  the  maximum  load. 
These  tests  show  that  there  is  a  considerable  slip  at  the  point  where 
the  diagonal  cracks  appeal  before  these  cracks  became  visible  and 
indicated  that  the  opening  of  these  outer  cracks  was  probably  due 
primarily  to   slip   of  bar.     The  proportion   of   this  slip  due  to  beam 
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bond  stress  and  to  anti-stretch  slip  will  depend  upon  the  dimensions 
and  reinforcement  of  the  beam.  The  bars  used  in  these  test  beams  were 
relatively  large.  The  differences  between  the  conditions  in  the  middle 
third  of  the  beam  length  and  in  the  outer  thirds  should  be  kept  in 
mind.  In  the  middle  region  beam  bond  stress  is  not  brought  into 
action  and  the  slip  is  wholly  of  the  nature  of  what  has  been  termed 
anti-stretch  slip.  In  the  outer  thirds  there  is  a  combination  of  beam 
bond  stress  and  of  bond  stress  due  to  anti-stretch  slip.  The  first  outer 
crack  generally  became  visible  at  a  slip  of  bar  of  0.002  to  0.005  in. 
It  is  evident  that  diagonal  cracks  may  open  at  a  very  small  slip  of 
bar  and  that  they  open  at  loads  which  give  very  small  end  slip  and  even 
before  end  slip  is  noted.  In  the  beams  of  Group  6  in  which  4  in.  of 
concrete  was  placed  below  the  center  of  the  bar,  the  cracks  were 
restricted  to  the  region  within  the  load  points  or  to  a  short  distance 
outside  (see  Fig.  58a).  The  vertical  shearing  stresses  developed  were 
considerably  higher  than  in  other  beams  which  were  not  reinforced 
with  vertical  stirrups. 
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Fig.  68.    Idealized  Diagram  Showing  the  Distribution  of  Tensile  and  Bond 
Stresses  in  a  Simple  Reinforced  Concrete  Beam. 
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97.  Influence  of  Slip  of  Bar  upon  Beam  Deflection. — Several 
treatises  on  reinforced  concrete  develop  formulas  which  are  intended 
to  give  expressions  for  the  center  deflection  of  a  reinforced  concrete 
beam,  when  the  dimensions  of  the  beam,  the  condition  of  the  ends  and 
the  loading  are  known.  These  formulas  will  not  be  considered  here, 
except  to  say  that  they  are  based  on  the  usual  deflection  formula  for 
homogeneous  beams  but  modified  to  involve  the  assumptions  that  are 
commonly  made  in  the  analysis  of  reinforced  concrete  beams.  These 
formulas  show  that  beam  deflection  is  a  function  of  the  loading,  con- 
dition of  the  ends  of  the  beam,  span  length,  the  elastic  properties  of 
the  material  and  the  dimensions  of  the  section.  With  a  combination 
of  two  materials  having  such  different  properties  as  concrete  and  steel 
and  owing  to  the  variation  in  the  modulus  of  elasticity  of  concrete  as 
the  compressive  stress  increases,  the  deflection  of  a  reinforced  con- 
crete beam  is  an  extremely  complex  function.  However,  formulas 
have  been  devised  which  give  fairly  accurately  the  value  of  the  deflec- 
tion up  to  working  loads  if  the  proper  value  is  assigned  to  the  modulus 
of  elasticity  of  the  concrete. 

One  of  the  assumptions  referred  to  above  is  that  a  plane  section 
before  flexure  is  a  plane  section  after  flexure.  We  have  seen  that 
during  the  greater  part  of  the  test  of  a  reinforced  concrete  beam,  slip 
of  bar  is  an  important  phenomenon,  and  we  may  expect  slip  of  bar  to 
exert  a  marked  influence  on  the  deflection.  Turneaure  and  Maurer,* 
in  an  investigation  of  deflection  of  reinforced  concrete  beams  found 
that  their  formula  gave  values  for  deflection  which  were  close  to  the 
true  ones  up  to  about  one  quarter  of  the  maximum  load  carried  by 
the  beam.  This  is  about  the  load  at  which  slip  of  bar  became  pro- 
nounced through  the  middle  portion  of  the  span  and  we  may  expect 
that  from  this  point  the  deflection  is  considerably  influenced  by  slip  of 
bar.  As  long  as  slip  of  bar  is  not  general,  there  is  no  distinct  change 
in  the  course  of  the  load-deflection  curve  due  to  this  cause,  although 
its  effect  must  be  present  from  the  time  slipping  begins.  In  homo- 
geneous beams  the  additional  deflection  due  to  shear  is  neglected.  In 
reinforced  concrete  beams  the  deflection  due  to  slip  of  bar  is  an  analogous 
quantity  which  has  an  important  influence  on  the  total  deflection  of  the 
beam.  As  soon  as  slip  of  bar  becomes  general,  as  indicated  by  slip  at  the 
ends,  we  may  expect  the  deflection  to  respond  more  rapidly  to  this  cause. 
Many  of  the  load-deflection  curves  in  Fig.  77  to  80  show  a  decided  in- 


Principles   of   Reinforced    Concrete    Construction,    1909. 


ABRAMS — TESTS  OF  BOND  BETWEEN   CONCRETE  AND  STEEL  205 

crease  in  deflection  immediately  following  the  beginning  of  slip  at  the 
ends  of  the  bar.  Noteworthy  examples  of  this  action  are  found  in  Beam 
No.  1052.6,  Fig.  81;  Beam  No.  1050.1,  Fig.  84;  Beam  No.  1048.4, 
Fig.  86. 

98.  Critical  Bond  Stress  in  Reinforced  Concrete  Beams. — The  fore- 
going discussions  of  beam  tests  in  which  slip  of  bar  was  measured  indi- 
cate that  slip  of  bar  is  found  at  relatively  low  loads.  It  was  seen  that 
slip  of  bar  occurred  first  in  the  middle  portion  of  the  span  at  early  loads. 
With  increase  of  load  slip  of  bar  progresses  through  the  outer  thirds 
toward  the  ends.  With  the  appearance  of  slip  of  bar  at  the  ends  of  the 
beam,  slip  had  become  general  through  the  region  of  beam  bond  stress 
and  the  beams  were  not  able  to  permanently  withstand  a  load  apprecia- 
bly greater  than  that  causing  first  end  slip.  The  tests  indicate  that  a 
very  small  end  slip  may  correspond  to  a  critical  bond  stress. 

The  average  bond  stresses  computed  on  the  basis  of  the  vertical 
shear  are  not  the  actual  stresses  being  developed.  As  has  already  been 
pointed  out,  the  tests  show  that  maximum  bond  resistance  is  developed 
at  certain  points  of  the  bar  at  loads  much  below  that  causing  bond 
failure  in  the  beam.  Certain  observations  indicate  that  the  bond  stress 
first  reaches  the  value  of  the  maximum  bond  resistance  in  the  portion 
of  the  span  in  which  beam  bond  stresses  are  developed,  at  points  a  short 
distance  outside  of  the  load  points.  Anti-stretch  slip  may  act  to  increase 
the  bond  stress  developed  over  certain  regions  of  the  span.  While  slip 
of  bar  gives  an  indication  of  the  bond  stress  being  developed  at  any  point 
as  long  as  the  amount  of  slip  is  small,  it  should  be  noticed  that  after 
the  slip  of  bar  has  exceeded  an  amount  corresponding  to  the  maximum 
bond  resistance  further  slip  gives  no  indication  of  the  amount  of  bond 
stress  being  developed. 

99.  Working  Stresses  for  Bond. — The  Committee  on  Concrete  and 
Eeinforced  Concrete,*  appointed  by  four  of  the  leading  American  engin- 
eering societies  (commonly  known  as  the  "Joint  Committee")  recom- 
mended the  use  of  a  bond  stress  equivalent  to  4%  of  the  compressive 
strength  of  the  same  concrete  at  28  days  of  age  for  plain  bars  of  ordinary 
mill  surface  and  values  one-half  as  great  for  drawn  wire.  The  com- 
pressive strength  of  the  concrete  is  to  be  determined  from  tests  on  8  by 
16-in.  cylinders.  For  concrete  giving  a  compressive  strength  of  2000  lb. 
per  sq.  in.,  at  28  days,  the  allowable  bond  stress  is  80  lb.  per  sq.  in.  for 


*See    report    in    Proceedings    of    the    American    Society    of    Civil    Engineers,    Feb.,    1913. 
Also  Proceedings  of  the  American  Society  for  Testing  Materials,   1913,  p.  228. 
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plain  bars.  These  values  have  been  generally  accepted  by  American 
designers.  The  British  Joint  Committee  on  Eeinforced  Concretef 
recommended  the  use  of  a  bond  stress  of  100  lb.  per  sq.  in.  in  concrete 
having  a  compressive  strength  of  1800  lb.  per  sq.  in.  when  tested  in  the 
form  of  cubes  not  less  than  4  in.  on  a  side  or  cylinders  not  less  than 
6  in.  in  diameter  and  of  a  length  not  less  than  the  diameter.  Tests  re- 
cently made  at  the  University  of  Illinois  on  compression  specimens  of 
different  forms  show  that  the  compressive  strength  of  6-in.  concrete 
cubes  is  about  27%  higher  than  that  of  8  by  16-in.  cylinders.  On  this 
basis  the  British  Committee's  concrete  would  have  a  compressive  strength 
about  70%  of  the  American  Committee's  concrete  and  the  allowable 
working  bond  stress  would  be  about  80%  higher  than  the  corresponding 
values  of  the  American  Committee,  considering  the  quality  of  the  con- 
crete. 

It  was  seen  in  Art.  48  that  the  average  bond  stress  in  the  pull-out 
tests  when  end  slip  began  was  about  17%  of  the  compressive  strength  of 
6-in.  cubes  made  from  the  same  concrete.  Reducing  this  to  the  basis 
used  above,  we  may  say  that  slip  began  in  the  pull-out  tests  at  a 
bond  stress  equal  to  about  13%  of  the  compressive  strength  of  8  by 
16-in.  cylinders.  In  the  same  way  the  ultimate  bond  resistance  in  the 
pull-out  tests  discussed  in  Art.  48  was  about  19%  of  the  compressive 
strength  of  8  by  16-in.  cylinders.  Certain  of  the  beam  tests  indicate  that 
the  actual  bond  resistance  of  a  bar  embedded  in  a  reinforced  concrete 
beam  was  not  materially  different  from  that  of  pull-out  specimens  made 
in  the  same  position.  The  working  stress  recommended  by  the  American 
Joint  Committee  is  equal  to  about  %  the  bond  stress  corresponding  to 
first  slip  of  bar  and  to  about  1/5  the  ultimate  pull-out  resistance  of  plain 
bars.  Apparently  this  indicates  a  factor  of  safety  of  about  3  against  slip 
of  bar,  if  we  consider  first  slip  of  bar  in  the  region  where  beam  bond 
stresses  are  developed  as  the  critical  stress.  However,  we  have  seen  that 
on  account  of  the  unequal  distribution  of  bond  stress  in  beams  loaded 
at  the  one-third  points,  the  bond  stresses  actually  developed  over  a  short 
length  outside  the  loads  is  probably  near  the  ultimate  bond  resistance 
even  for  working  loads  at  the  age  of  the  beams  tested.  This  in  reality 
may  not  be  a  serious  consideration  since  there  should  be  a  sufficient 
reserve  of  bond  resistance  in  the  embedded  portion  of  the  bar  where  the 


tSee   Second    Report   Joint    Committee    on    Reinforced    Concrete,    published    by    the    Royal 
Institute  of  British  Architects,  1911. 
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bond  stress  is  low,  and  an  additional  reserve  in  the  increasing  bond  re- 
sistance with  the  increase  in  the  age  of  the  concrete.  From  the  way  in 
which  the  steel  stress  is  distributed  in  Fig.  64  to  67,  it  would  seem  that 
the  stress  conditions  of  a  beam  under  a  uniformly  distributed  load  are 
more  favorable  to  bond  resistance  than  the  system  of  concentrated  loads 
used  in  the  tests.  It  would  appear  that  the  values  of  working  stresses  for 
bond  recommended  by  the  British  Committees  are  entirely  too  high  con- 
sidering the  grade  of  concrete.  The  values  of  the  American  Committee 
are  as  high  as  should  be  used  under  average  conditions  of  workmanship. 
The  data  for  beams  reinforced  with  deformed  bars  are  not  as  com- 
plete as  for  plain  bars,  but  on  account  of  the  undesirable  secondary 
stresses  which  are  introduced  in  the  concrete  as  a  result  of  high  bond 
stresses,  it  seems  the  part  of  wisdom  to  use  the  same  values  for  deformed 
as  for  plain  bars.  However,  it  should  be  recognized  that  properly  de- 
signed deformed  bars  may  be  expected  to  give  a  greater  uniformity  of 
steel  stress  than  plain  bars,  and  they  may  be  counted  upon;  to  guard 
against  local  deficiencies  in  bond  resistance  due  to  lack  of  care  in  plac- 
ing the  concrete  around  the  bars  or  to  other  defects  due  to  poor  work- 
manship. 

IV.     Summary. 

100.  Summary. — The  tests  covered  a  wide  range  of  conditions  and 
the  results  have  a  significant  bearing  on  the  nature  of  bond  resistance, 
the  action  of  bars  of  different  forms  under  bond  stress,  and  the  behavior 
of  beams  subjected  to  high  bond  stresses.  The  load-slip  determinations 
have  given  definite  information  on  the  nature  and  distribution  of  bond 
resistance.  The  following  is  a  resume  of  the  principal  observations  and 
conclusions  which  have  been  stated  and  discussed  in  the  text.  Para- 
graphs 2  to  34,  inclusive,  refer  primarily  to  the  results  of  the  pull-out 
tests. 

(1)  Bond  between  concrete  and  steel  may  be  divided  into  two  prin- 
cipal elements,  adhesive  resistance  and  sliding  resistance.  The  source  of 
adhesive  resistance  is  not  known,  but  its  presence  is  a  matter  of  uni- 
versal experience  with  materials  of  the  nature  of  mortar  and  concrete. 
Sliding  resistance  arises  from  inequalities  of  the  surface  of  the  bar  and 
irregularities  of  its  section  and  alignment  together  with  the  correspond- 
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ing  conformations  in  the  concrete.  The  adhesive  resistance  must  be 
overcome  before  sliding  resistance  comes  into  action.  In  other  words, 
the  two  elements  of  bond  resistance  are  not  effective  at  the  same  time  at 
a  given  point.  Many  evidences  of  the  tests  indicate  that  adhesive  re- 
sistance is  much  the  more  important  element  of  bond  resistance. 

(2)  Pull-out  tests  with  plain  bars  show  that  a  considerable  bond 
stress  is  developed  before  a  measurable  slip  is  produced.  Slip  of  bar 
begins  as  soon  as  the  adhesive  resistance  is  overcome.  After  the  adhesive 
resistance  is  overcome,  a  further  slip  without  an  opportunity  of  rest  is 
accompanied  by  a  rapidly  increasing  bond  stress  until  a  maximum  bond 
resistance  is  reached  at  a  definite  amount  of  slip. 

(3)  The  true  relation  of  slip  of  bar  to  bond  stress  can  best  be 
studied  by  considering  the  action  of  a  bar  over  a  very  short  section  of 
the  embedded  length.  The  difficulties  arising  from  secondary  stresses 
made  it  impracticable  to  conduct  tests  on  bars  embedded  very  short 
lengths.  The  desired  results  were  obtained  by  varying  the  forms  of  the 
specimens  in  such  a  way  that  the  effect  of  different  combinations  of 
dimensions  could  be  studied. 

(4)  Pull-out  tests  with  plain  bars  of  the  same  size  embedded  dif- 
ferent lengths  furnish  data  which  suggest  the  values  of  bond  resistance 
over  a  very  short  length  of  embedment,  or  indicate  values  of  bond  resist- 
ance which  are  independent  of  the  length  of  embedment.  Tests  with 
bars  of  different  size  which  were  embedded  a  distance  proportional  to  their 
diameters  give  the  true  relation  when  the  effect  of  size  of  bar  is  elim- 
inated. Two  series  of  tests  of  this  kind  on  plain  round  bars  of  ordinary 
mill  surface  gave  almost  indentical  values  for  bond  resistance  after 
eliminating  the  effect  of  length  of  embedment  and  size  of  bar,  and  we 
may  consider  that  these  values  represent  the  stresses  which  were  de- 
veloped in  turn  over  each  unit  of  area  of  the  embedded  bar  as  it  was 
withdrawn  by  a  load  applied  by  the  method  used  in  these  tests.  These 
tests  showed  that  for  concrete  of  the  kind  used  (a  1-2-4  mix,  stored  in 
damp  sand  and  tested  at  the  age  of  about  GO  days)  the  first  measurable 
slip  of  bar  came  at  a  bond  stress  of  about  260  lb.  per  sq.  in.,  and  that  the 
maximum  bond  resistance  reached  an  average  value  of  440  lb.  per  sq.  in. 
If  we  conclude  that  adhesive  resistance  was  overcome  at  the  first  measur- 
able slip,  it  will  be  seen  that  the  adhesive  resistance  was  about  60%  of 
the  maximum  bond  resistance.  This  ratio  did  not  vary  much  for  a  wide 
range  of  mixes,  ages,  size  of  bar,  condition  of  storage,  etc. 
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(5)  Sliding  resistance  reached  its  maximum  value  for  plain  bars 
of  ordinary  mill  surface  at  a  slip  of  about  0.01  in.  The  constancy  in 
the  amount  of  slip  corresponding  to  the  maximum  bond  resistance  for 
a  wide  range  of  mixes,  ages,  sizes  of  bar,  conditions  of  storages,  etc.,  is  a 
noteworthy  feature  of  the  tests.  With  further  slip  the  sliding  resist- 
ance decreased  slowly  at  first,  then  more  rapidly,  until  with  a  slip  of 
0.1  in.  the  bond  resistance  was  about  one-half  its  maximum  value. 

(6)  Pull-out  tests  with  plain  round  bars  show  end  slip  to  begin 
at  an  average  bond  stress  equal  to  about  one-sixth  the  compressive 
strength  of  6-in.  cubes  from  the  same  concrete;  the  maximum  bond 
resistance  is  equal  to  about  one-fourth  the  compressive  strength  of 
6-in.  cubes.  These  values  were  about  the  same  for  a  wide  range  of 
mixes,  ages  and  conditions  of  storage.  In  terms  of  the  compressive 
strength  of  8  by  16-in.  concrete  cylinders  these  values  would  be  about 
13%  for  first  end  slip  and  19%  for  the  maximum  bond  resistance. 

(7)  The  tests  indicate  that  bond  stress  is  not  uniformly  distributed 
along  a  bar  embedded  any  considerable  length  and  having  the  load 
applied  at  one  end.  Slip  of  bar  begins  first  at  the  point  where  the  bar 
enters  the  concrete,  and  the  bond  stress  must  be  greater  here  than  else- 
where until  a  sufficient  slip  has  occurred  to  develop  the  maximum  bond 
resistance  at  this  point.  Slip  of  bar  begins  last  at  the  free  end  of  the 
bar.  After  slip  becomes  general,  there  is  an  approximate  equality  of 
bond  stress  throughout  the  embedded  length. 

(8)  Small  bars  gave  a  bond  resistance  somewhat  higher  than  the 
large  bars  during  the  early  stages  of  the  test.  This  was  probably  on 
account  of  greater  irregularity  of  section  and  alignment  of  the  smaller 
bars.  The  maximum  bond  resistance  was  not  materially  different  for 
bars  of  different  diameters. 

(9)  Computations  based  on  the  elastic  properties  of  the  materials 
indicate  that  in  the  pull-out  tests  the  tensile  deformation  in  the  bar  had 
a  much  greater  effect  on  the  amount  of  bond  stress  which  permitted  a 
given  slip  of  bar  than  had  the  compressive  deformation  in  the  concrete 
block  in  which  the  bar  was  embedded. 

(10)  Rusted  bars  gave  bond  resistances  about  15%  higher  than 
similar  bars  with  ordinary  mill  surface. 

(11)  The  tests  with  flat  bars  showed  wide  variations  of  bond 
resistance  and  were  not  conclusive.  Square  bars  gave  values  of  unit- 
stress  about  75%  of  those  obtained  with  plain  round  bars. 
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(12)  T-bars  gave  lower  unit  bond  resistance  than  plain  round 
bars,  but  gave  about  double  the  bond  resistance  per  unit  of  length  that 
was  found  for  the  plain  round  bars  of  the  same  sectional  area. 

t  (13)  With  polished  bars  the  bond  resistance  is  due  almost  entirely 
to  adhesion  between  the  concrete  and  steel.  Numerous  tests  with  pol- 
ished bars  embedded  in  1-2-4  concrete  and  tested  at  60  days  indicated 
a  maximum  bond  resistance  of  about  160  lb.  per  sq.  in.,  or  about  60% 
of  the  bond  resistance  of  bars  of  ordinary  surface  at  small  amounts  of 
slip.  This  value  agrees  closely  with  tests  reported  elsewhere,  and  appar- 
ently represents  the  value  of  the  tangential  adhesion  between  any  clean 
steel  and  concrete  of  this  quality.  The  sliding  resistance  of  polished  bars 
was  very  low. 

(14)  Tests  with  polished  bars  with  wedging  and  non-wedging 
tapers  showed  that  adhesion  was  broken  for  both  types  of  bar  at  about 
the  same  bond  stress  as  in  the  polished  bars  of  uniform  section. 

(15)  The  tests  with  polished  bars  with  wedging  taper  showed  that 
after  the  adhesion  was  broken  a  considerable  movement  of  the  bar  (as 
much  as  y±  in.  with  the  smallest  tapers)  was  required  before  the  bond 
resistance  again  reached  the  amount  which  was  at  first  carried  by  the 
adhesive  resistance.  The  amount  of  movement  necessary  to  restore  the 
bond  stress  to  the  value  of  the  original  adhesive  resistance  was  inversely 
proportional  to  the  amount  of  taper.  This  indicates  that  a  definite 
normal  compression  must  be  developed  in  the  surrounding  concrete  before 
a  longitudinal  component  equivalent  to  the  original  tangential  adhesion 
is  produced. 

(16)  It  was  noted  in  the  tests  witli  plain  bars  that  sliding  resist- 
ance was  due  to  inequalities  of  the  surface  of  the  bar  and  to  irregulai  it irs 
of  its  section  and  alignment.  The  projections  on  a  deformed  bar  give 
an  exaggerated  condition  of  inequality  of  surface  or  irregularity  of  sec- 
tion. Adhesive  resistance  must  be  destroyed  and  the  usual  sliding 
resistance  largely  overcome  and  the  concrete  ahead  of  the  projections 
must  undergo  an  appreciable  compressive  deformation  before  the  projec- 
tions on  a  deformed  bar  become  effective  in  taking  bond  stress.  The 
tests  indicate  that  the  projections  do  not  materially  assist  in  resisting 
a  force  tending  to  withdraw  the  bar  until  a  slip  has  occurred  approxi- 
mating that  corresponding  to  the  maximum  sliding  resistance  of  plain 
bars.  As  slip  continue-  a  larger  and  larger  portion  of  the  bond  stress  is 
taken  by  direct  bearing  of  the  projections  on  the  concrete  ahead. 
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(17)  In  determining  the  comparative  merits  of  deformed  bars, 
the  bar  which  longest  resists  beginning  of  slip  should  be  rated  highest, 
other  considerations  being  equal.  The  bond  stresses  developed  at  an  end 
slip  of  0.001  inch  furnished  the  principal  basis  of  comparison  for  the 
different  types  of  deformed  bars.  At  an  end  slip  of  0.001  in.  12  sets 
of  deformed  bars  of  %-in.  and  larger  sizes  embedded  8  in.  in  1-2-1 
concrete,  tested  at  about  2  months,  developed  an  average  bond  resistance 
of  318  lb.  per  sq.  in.,  4%  higher  than  the  corresponding  value  for  plain 
bars.  At  this  stage  of  the  test,  two  sets  of  deformed  bars  gave  practically 
the  same  bond  resistance,  five  sets  gave  lower  values,  and  five  sets  higher 
values  than  the  plain  rounds.  At  an  end  slip  of  0.01  in.,  corresponding  to 
the  maximum  bond  resistance  of  plain  bars,  the  average  bond  resistance 
of  the  12  sets  of  deformed  bars  was  445  lb.  per  sq.  in.,  10%  higher  than 
plain  rounds.  At  this  stage  of  the  test  two  sets  gave  about  the  same  values, 
two  sets  gave  lower  values,  and  eight  sets  gave  higher  values  than  the 
plain  bars.  The  hooping  used  in  these  specimens  had  a  marked  effect 
in  increasing  the  bond  resistance  even  at  small  amounts  of  slip. 

(18)  The  concrete  cylinders  of  the  pull-out  specimens  with  de- 
formed bars  were  reinforced  against  bursting  or  splitting,  because  it  was 
desired  to  study  the  load-slip  relation  through  a  wide  range  of  values. 
The  bond  stresses  corresponding  to  an  end  slip  of  0.1  in.  are  the  highest 
stresses  reported  for  the  deformed  bars.  In  only  a  few  tests  was  the 
maximum  bond  resistance  reached  at  an  end  slip  less  than  0.1  in.  It 
should  be  recognized  that,  in  general,  the  bond  stresses  reported  for  de- 
formed bars  at  end  slip  of  0.05  and  0.1  in.,  could  not  have  been  developed 
with  bars  embedded  in  unreinforced  blocks.  These  high  values  of  bond 
resistance  must  not  be  considered  as  available  under  the  usual  conditions 
of  bond  action  in  reinforced  concrete  members.  In  the  tests  in  which 
the  blocks  were  not  reinforced,  evidence  of  splitting  of  the  blocks  was 
found  at  end  slips  of  0.02  to  0.05  in. 

\(19)  The  normal  components  of  the  bearing  stresses  developed  by 
the  projections  on  a  deformed  bar  may  produce  very  destructive  bursting 
stresses  in  the  surrounding  concrete.  The  bearing  stress  between  the 
projections  and  the  concrete  in  the  tests  with  certain  types  of  commercial 
deformed  bars  was  computed  to  be  from  5800  to  14  000  lb.  per  sq.  in. 
at  the  highest  bond  stresses  considered  in  these  tests.  For  bars  having 
projections  of  different  heights  and  spacing,  the  bearing  stresses  on  the 
projections  at  the  highest  bond  stresses  considered  were  inversely  propor- 
tional to  the  bond  stress  which  had  been  developed  by  the  bar  at  an  end 
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slip  of  0.01  in.,  the  slip  at  which  the  projections  were  beginning  to  be 
effective.  These  considerations  show  that  the  ratio  of  the  area  of  the 
projections  measured  at  right  angles  to  the  bar  to  the  superficial  area 
of  the  bar  in  the  same  length  is  the  proper  criterion  for  judging  of  the 
effective  bond  resistance  of  a  deformed  bar.  In  some  forms  of  bar  the 
bearing  stresses  must  have  been  much  higher  than  the  values  given  above. 
The  large  slip  and  the  high  bearing  stresses  developed  in  the  later  stages 
of  the  tests  show  the  absurdity  of  seriously  considering  the  extremely 
high  values  that  are  usually  reported  to  be  the  true  bond  resistance  of 
many  types  of  deformed  bars. 

(20)  Eound  bars  with  standard  V-shaped  threads  gave  much 
higher  bond  resistance  at  low  slips  than  the  commercial  deformed  bars. 
The  average  bond  resistance  at  an  end  slip  of  0.001  in.  was  612'  lb.  per 
sq.  in.  The  maximum  bond  resistance  was  745  lb.  per  sq.  in.  These 
were  the  only  deformed  bar  tests  in  which  failure  came  by  shearing  the 
surrounding  concrete. 

(21)  In  a  deformed  bar  of  good  design  the  projections  should 
present  bearing  faces  as  nearly  as  possible  at  right  angles  to  the  axis 
of  the  bar.  The  areas  of  the  projections  should  be  such  as  to  preserve 
the  proper  ratio  between  the  bearing  stress  against  the  concrete  ahead 
of  the  projections  and  the  shearing  stress  over  the  surrounding  envelope 
of  concrete.  Failure  by  shearing  of  the  concrete  should  be  avoided.  The 
tests  indicate  that  the  areas  of  the  projections  measured  at  right  angles 
to  the  axis  of  the  bar  should  not  be  ]ess  than,  say,  20%  of  the  super- 
ficial area  of  the  bar.  A  closer  spacing  of  the  projections  than  is  used  in 
commercial  deformed  bars  would  be  of  advantage.  Advocates  of  the 
deformed  bar  would  do  well  to  recognize  the  fact  that  in  a  deformed  bar 
which  may  be  expected  to  develop  a  high  bond  resistance,  a  certain 
amount  of  metal  must  be  used  in  the  projections  which  probably  will 
not  be  available  for  taking  tensile  stress. 

(22)  The  1-in.  twisted  square  bars  gave  a  bond  resistance  per 
unit  of  surface  at  an  end  slip  of  0.001  in.,  only  88%  of  that  for  the  plain 
rounds.  Following  an  end  slip  of  about  0.01  in.,  these  bars  showed  a 
decided  decrease  in  bond  resistance,  and  a  slip  of  5  to  10  times  this 
amount  was  required  to  cause  the  bond  resistance  to  regain  its  first 
maximum  value.  After  this,  the  bond  resistance  gradually  rose  as 
the  bar  was  withdrawn.  Some  of  the  bars  were  withdrawn  2  or  3  in. 
before  the  highest  resistance  was  reached.     The  apparent  bond  strefi 

at  these  slips  were  very  high  ;  but,  of  course,  Buch  stresses  and  slips  could 
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not  be  developed  in  a  structure  and  could  not  have  been  developed  in 
the  tests  had  the  blocks  not  been  reinforced  against  bursting.  Such 
values  are  entirely  meaningless  under  any  rational  interpretation  of  the 
tests. 

(23)  The  load-slip  curves  for  twisted  square  bars  are  similar  to 
those  for  polished  bars  with  wedging  taper.  The  twisted  bar  is  essentially 
a  combination  of  the  wedging  and  non-wedging  taper.  As  the  bar  is 
drawn  through  the  concrete  the  wedging  tapers  are  drawn  more  firmly 
against  the  concrete  ahead,  while  at  the  same  time  the  non-wedging 
tapers  are  separated  from  the  concrete  with  which  they  were  originally 
in  contact.  The  drop  in  the  load-slip  curves  after  an  end  slip  of  about 
0.01  in.  shows  that  the  separation  of  about  one-half  of  the  surface  of 
the  bar  from  its  original  contact  and  the  continued  sliding  of  the  flatter 
portions  of  the  bar,  until  a  large  slip  has  occurred,  have  a  greater  in- 
fluence in  reducing  the  average  bond  resistance  than  the  increased  bear- 
ing of  the  wedging  tapers  has  in  raising  the  bond  resistance.  The 
results  found  with  the  twisted  square  bar  do  not  justify  its  present  wide- 
spread popularity  as  a  reinforcing  material. 

(24)  The  tests  with  plain  round  bars  anchored  by  means  of  nuts 
and  washers  and  with  washers  only  showed  that  the  entire  bar  must  slip 
an  appreciable  amount  before  these  forms  of  anchorage  come  into  action. 
Anchorages  of  the  dimensions  used  in  these  tests  did  not  become  effective 
until  the  bar  had  slipped  an  amount  corresponding  to  the  maximum 
bond  resistance  of  plain  bars.  With  further  movement  the  apparent 
bond  resistance  was  high,  but  was  accompanied  by  excessive  bearing 
stresses  on  the  concrete. 

(25)  The  load-slip  relation  for  bars  anchored  by  means  of  hooks 
and  bends  was  not  determined.  The  high  resistance  given  in  these  tests 
was  probably  a  result  of  the  bearing  stresses  developed  in  the  concrete 
ahead  of  the  bends. 

(26)  Tests  on  specimens  stored  under  different  conditions  indicate 
that  concrete  stored  in  damp  sand  may  be  expected  to  give  about  the 
same  bond  resistance  and  compressive  resistance  as  that  stored  in  water. 
Water-stored  specimens  gave  values  of  maximum  bond  resistance  higher 
in  each  instance  than  the  air-stored  specimens;  the  increase  for  water 
storage  ranged  from  10  to  45%.  The  difference  seemed  to  increase  with 
age.  The  presence  of  water  not  only  did  not  injure  the  bond  for  ages 
up  to  three  years,  but  it  was  an  important  factor  in  producing  conditions 
which  resulted  in  high  bond  resistances.     However,  it  was  found  that 
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specimens  tested  with  the  concrete  in  a  saturated  condition  gave  lower 
values  for  bond  than  those  which  had  been  allowed  to  dry  out  before 
testing.  The  bars  in  specimens  which  had  been  immersed  in  water  as 
long  as  three  and  one-half  years  showed  no  signs  of  rust  or  other 
deterioration. 

(27)  Specimens  made  out-doors  in  freezing  weather,  where  they 
probably  froze  and  thawed  several  times  during  the  period  of  setting  and 
hardening,  were  almost  devoid  of  bond  strength. 

'  (28)  Pull-out  tests  made  at  early  ages  gave  surprisingly  high 
values  of  bond  resistance.  Plain  bars  embedded  in  1-2-4  concrete  and 
tested  at  2  days  did  not  show  end  slip  of  bar  until  a  bond  stress  of  75 
lb.  per  sq.  in.  was  developed.  Bond  resistance  increases  most  rapidly 
with  age  during  the  first  month.  The  richer  mixes  show  a  more  rapid 
increase  than  the  leaner  ones.  The  tests  on  concrete  at  ages  of  over  one 
year  showed  that  the  bond  resistance  of  specimens  stored  in  a  damp  place 
may  be  expected  ultimately  to  reach  a  value  as  much  as  twice  that 
developed  at  60  days. 

(29)  The  load-slip  relation  of  leaner  and  richer  mixes  was  similar 
to  that  for  1-2-4  concrete.  For  a  wide  range  of  mixes  the  bond  resist- 
ance was  nearly  proportional  to  the  amount  of  cement  used.  This  rela- 
tion did  not  obtain  in  a  mix  from  which  the  coarse  aggregate  had  been 
omitted. 

(30)  When  the  application  of  load  was  continued  over  a  consider- 
able period  of  time  or  when  the  load  was  released  and  reapplied,  the 
usual  relation  of  slip  of  bar  to  bond  resistance  was  considerably  modified. 
The  few  tests  which  were  made  indicate  that  the  bond  stress  correspond- 
ing to  beginning  of  slip  is  the  highest  stress  which  can  be  maintained 
permanently  or  be  reapplied  indefinitely  without  failure  of  bond.  The 
effect  of  continued  and  repeated  load,  impact,  etc.,  may  well  be  the  sub- 
ject of  further  experimental  study. 

(31)  Little  difference  was  found  in  the  pull-out  tests  whether  the 
load  was  distributed  over  the  entire  face  of  the  block  or  over  a  narrow 
ring  at  the  center  of  the  block  or  around  the  edge  of  the  face  of  the 
block. 

(32)  Specimens  molded  in  a  horizontal  position  gave  lower  bond 
resistance  than  those  molded  in  a  vertical  position;  when  settlement  of 
the  bar  with  the  settlement  of  the  concrete  was  entirely  prevented,  the 
bond  resistance  was  reduced  to  about  G0%  of  that  found  for  similar 
specimens  which  were  molded  with  the  bars  in  a  vertical  position.    Plain 


ABRAMS — TESTS  OF  BOND  BETWEEN  CONCRETE  AND  STEEL  215 

bars  tested  by  being  pulled  in  the  same  or  the  opposite  direction  from 
the  settlement  of  the  concrete  during  setting  gave  about  the  same  bond 
resistance,  but  in  the  tests  of  certain  deformed  bars  this  was  not  true. 

(33)  The  term  "autogenous  healing"  is  used  to  designate  phe- 
nomena observed  in  pull-out  tests  and  in  compression  tests  of  concrete 
cylinders  in  which  the  hardening  of  the  concrete  was  interrupted 
by  loading  the  specimen  at  early  ages  to  its  ultimate  resistance.  Up 
to  an  age  of  one  year  the  bond  resistance  of  specimens  stored  in  damp 
sand  was  not  affected  by  as  many  as  four  loadings  at  intervals  during 
the  period  of  storage  up  to  the  ultimate  resistance.  For  specimens 
stored  in  air  and  tested  in  the  same  way,  the  bond  resistance  was  less 
than  for  damp-sand  storage,  but  the  tests  showed  a  steady  increase  in 
bond  resistance  with  each  loading  up  to  three  months.  Specimens  which 
had  been  stored  in  air  for  two  months  before  the  first  test  and  in  water 
thereafter  showed  a  decrease  in  bond  with  each  subsequent  loading, 
although  the  bond  resistance  in  the  last  test  was  fairly  high.  The  pres- 
ence of  water  apparently  permits  the  continuation  of  the  hydraulic 
action  of  the  cement  for  several  months  after  the  mixing  of  the  concrete. 

(34)  Bond  resistance  of  plain  bars  is  greatly  increased  if  the  con- 
crete is  caused  to  set  under  pressure.  With  a  pressure  of  100  lb.  per 
sq.  in.  on  the  fresh  concrete  for  five  days  after  molding,  the  maximum 
bond  resistance  was  increased  92%  over  that  of  similar  bars  in  concrete 
which  had  set  without  pressure.  The  greater  density  of  the  concrete 
and  its  more  intimate  contact  with  the  bar  seems  to  be  responsible  for 
the  increased  bond  resistance.  Light  pressures  gaves  an  appreciable 
increase  in  bond  resistance.  With  polished  bars  the  effect  of  pressure 
was  slight. 

(35)  As  might  have  been  expected,  the  compressive  resistance  of 
concrete  setting  under  pressure  was  increased  in  much  the  same  ratio 
as  the  bond  resistance.  At  the  age  of  80  days  the  initial  modulus  of 
elasticity  in  compression  for  concrete  which  set  under  a  pressure  of  100 
lb.  per  sq.  in.  was  about  37%  higher  and  the  compressive  strength  was 
increased  by  about  73%  over  that  of  concrete  which  had  set  without 
pressure.  The  density  of  the  concrete,  as  determined  by  the  unit 
weights,  was  increased  about  4%  by  a  pressure  of  100  lb.  per  sq.  in.  on 
the  fresh  concrete.  The  increase  in  strength  and  density  was  relatively 
greater  for  the  low  than  for  the  high  pressures.  A  pressure  continued 
for  one  day,  or  until  the  concrete  had  taken  its  final  set  and  hardening 
had  begun,  seems  to  have  produced  the  same  effect  in  increasing  the 
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strength  and  elastic  properties  of  the  concrete  as  when  the  pressure  was 
continued  for  a  much  longer  period. 

(36)  Concrete  cylinders  tested  in  compression  at  age  of  80  days 
after  having  been  loaded  to  failure  at  7  days  gave  compressive  strengths 
nearly  as  high  as  those  tested  for  the  first  time  at  the  same  age.  Retests 
of  cylinders  which  had  set  under  pressure  gave  similar  results. 


(37)  Beams  of  comparatively  short  span  reinforced  with  bars  of 
large  size  were  used  in  order  to  develop  high  bond  stresses  and  give  bond 
failures.  Most  of  the  beams  failed  in  bond;  a  few  failed  by  a  combina- 
tion of  bond  and  diagonal  tension  or  by  tension  in  the  steel. 

(38)  The  usual  method  of  computing  the  bond  stress  in  a  rein- 
forced concrete  beam  does  not  take  account  of  all  the  phenomena  of 
bond  action.  Slip  of  bar  due  to  beam  bond  action  and  the  presence  of 
anti-stretch  slip  may  be  expected  to  greatly  modify  the  distribution  of 
bond  stress  over  the  length  of  the  bar,  and  otherwise  to  affect  resistance 
to  beam  bond  stresses.  However,  the  nominal  values  for  bond  resistance, 
computed  by  the  usual  formula,  form  a  useful  basis  for  comparison  in 
beams  in  which  the  dimensions  and  general  make-up  are  similar. 

(39)  Slip  of  bar  was  a  phenomenon  in  all  beam  tests  in  which 
careful  slip  observations  were  made.  These  load-slip  relations  give 
important  indications  as  to  the  bond  stress  developed  at  points  along  the 
length  of  the  beam. 

(40)  Slip  was  first  observed  in  the  middle  region  of  the  span  at 
loads  producing  a  tensile  stress  in  the  steel  of  about  6000  lb.  per  sq.  in. 
In  this  region  the  shear  is  zero  and  hence  beam  bond  action,  as  usually 
understood,  is  absent.  As  the  load  was  increased,  slip  of  bar  progressed 
tli rough  the  outer  thirds  toward  the  ends  of  the  beam  at  a  rate  nearly 
proportional  to  the  increase  of  load.  After  slip  occurred  at  the  ends, 
the  outer  thirds  of  the  length  of  the  bar  moved  toward  the  middle  of 
the  span  relative  to  the  adjacent  concrete.  Slip  of  bar  was  probably 
partly  responsible  for  the  opening  of  outer  cracks,  since  slipping  was 
observed  in  the  outer  thirds  of  the  beams  before  the  cracks  became  visible. 

(41)  The  mean  computed  values  for  bond  stresses  in  the  6-ft. 
beams  in  the  series  of  1911  and  1912'  were  as  given  below.  All  beams 
were  of  1-2-4  concrete,  tested  at  2  to  8  months  by  loads  applied  at  the 
one-third  points  of  the  span.  Stresses  are  given  in  pounds  per  square 
inch. 
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Number  First  End  End  Slip  Maximum 

of  Tests  Slip  of  Bar  of  0.001  in.  Bond  Stress 

1  and  1^-in.  plain  round 28  245  340  375 

24-in.    plain    round 3  186  242  274 

£6-in   plain   round 3  172  235  255 

1-in.   plain   square 6  190  248  278 

1-in.  twisted  square 3  222  289  337 

l>6-in.   corrugated   round 9  251  360  488 

(42)  In  the  beams  reinforced  with  plain  bars  end  slip  begins  at 
67%  of  the  maximum  bond  resistance;  for  the  corrugated  rounds  this 
ratio  is  51%,  and  for  the  twisted  squares,  66%. 

(43)  The  bond  unit  resistance  in  beams  reinforced  with  plain 
square  bars,  computed  on  the  superficial  area  of  the  bar,  was  about  75% 
of  that  for  similar  beams  reinforced  with  plain  round  bars  of  similar  size. 

(44)  Beams  reinforced  with  twisted  square  bars  gave  values  at 
small  slips  about  85%  of  those  found  for  plain  rounds.  At  the  maxi- 
mum load,  the  bond-unit  stress  with  the  twisted  bars  was  90%  of  that 
with  plain  round  bars  of  similar  size. 

(45)  In  the  beams  reinforced  with  1%-in.  corrugated  rounds,  slip 
of  the  end  of  the  bar  was  observed  at  about  the  same  bond  stress  as  in 
the  plain  bars  of  comparable  size.  At  an  end  slip  of  0.001  in.,  the  corru- 
gated bars  gave  a  bond  resistance  about  6%  higher  and  at  the  maximum 
load,  about  30%  higher  than  the  plain  rounds. 

(46)  The  beams  in  which  the  longitudinal  reinforcement  con- 
sisted of  three  or  four  bars  smaller  than  those  used  in  most  of  the  tests 
gave  bond  stresses  which,  according  to  the  usual  method  of  computation, 
were  about  70%  of  the  stresses  obtained  in  the  beams  reinforced  with  a 
single  bar  of  large  size.  The  progressive  opening  of  cracks  with  increase 
in  load  was  well  shown  in  these  tests.  These  beams  showed  cracks  nearer 
the  ends  than  usual.  The  distances  of  the  outermost  cracks  from  the 
ends  of  the  beams  suggest  that  the  unbroken  length  of  embedment  has 
an  important  bearing  on  the  maximum  loads  which  the  beams  may  be 
expected  to  carry  before  failing  by  bond.  It  seems  probable  that  the 
lower  computed  bond  stresses  in  these  tests  are  due  to  errors  in  the 
assumptions  made  as  to  the  distribution  of  bond  stress  and  not  to  actual 
differences  of  bond  resistance  in  the  bars  of  different  size. 

(47)  The  tests  on  beams  with  the  loads  placed  in  different  posi- 
tions with  respect  to  the  span  gave  little  variation  in  bond  resistance 
during  the  early  stages  of  the  tests.  The  maximum  bond  resistances 
increased  rapidly  as  the  load  approached  the  supports.  These  tests 
indicate  that  the  variation  in  the  maximum  bond  stresses  must  be  due 
to  the  presence  of  other  than  normal  beam  action. 
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(48)  Nearly  all  the  beams  tested  on  span  lengths  of  7  to  10  ft. 
failed  by  tension  in  the  steel  and  did  not  develop  the  maximum  bond 
resistance,  although  high  bond  stresses  were  obtained.  The  bond  stress 
corresponding  to  first  end  slip  of  bar  did  not  vary  much  with  the  span 
length. 

(49)  The  bond  stresses  developed  in  the  beam  tests  indicate  that 
with  beams  of  the  same  cross-section  the  bond  stresses  are  distributed  in 
the  same  way  during  the  early  stages  of  the  test  in  beams  varying  widely 
in  span  length  and  loading.  During  the  later  stages  of  the  test,  the 
distribution  of  bond  stress  seems  to  depend  largely  upon  the  conditions 
of  stress  in  the  concrete  through  the  region  of  the  span  where  beam 
bond  stresses  are  high.  The  distribution  of  bond  stresses  in  beams  of 
different  cross-section  apparently  varies  with  the  relative  dimensions  of 
the  beam  and  the  reinforcing  bars. 

(50)  The  use  of  auxiliary  tensile  reinforcement  in  the  outer  thirds 
of  the  beam  served  to  modify  the  distribution  of  bond  stress  during  the 
early  stages  of  the  test,  but  did  not  have  any  influence  on  the  maximum 
bond  resistance.  While  the  auxiliary  bars  seemed  to  prevent  the  opening 
of  outer  cracks,  the  tests  indicate  that  interior  cracks  which  did  not 
appear  on  the  surface  of  the  beam  may  have  opened  to  an  extent  that 
permitted  the  same  distribution  of  bond  stress  as  was  found  in  other 
tests. 

(51)  Increasing  the  thickness  of  the  concrete  below  the  reinforcing 
bars  beyond  the  depth  usually  employed  caused  a  very  large  increase  in 
the  resistance  to  bond  and  web  stresses.  The  added  stiffness  of  the  beam 
and  the  increased  flexural  strength  through  the  outer  thirds  of  the  span, 
prevented  the  formation  of  cracks  in  these  regions.  In  the  other 
beam  tests  such  cracks  were  found  to  interrupt  the  continuity  of  bond 
action  and  to  be  an  important  factor  in  producing  lower  average  bond 
resistances. 

(52)  Increasing  the  length  of  overhang  of  the  ends  of  the  beam 
beyond  the  support  did  not  increase  the  resistance  to  web  stresses  as 
indicated  by  the  opening  of  outer  cracks,  but  it  had  an  influence  on  the 
bond  resistance.  The  bond  resistance  at  first  end  slip  was  greater  in  the 
beams  with  the  longer  overhang.  The  maximum  bond  resistance  was 
materially  increased  by  the  additional  overhang. 

(53)  In  the  reinforced  concrete  beams  it  was  found  that  very 
small  amounts  of  slip  at  the  ends  of  the  bar  represented  critical  condi- 
tions of  bond  stress.  For  beams  failing  in  bond  the  load  at  an  end  slip 
of  0.001   in.  was  89%  to  94%  of  the  maximum  load  found  in  beams 
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reinforced  with  plain  bars,  and  79%  of  the  maximum  load  for  similar 
beams  reinforced  with  corrugated  bars.  As  soon  as  slip  of  bar  became 
general,  other  conditions  were  introduced  which  soon  caused  the  failure 
of  the  beam. 

(54)  The  bond  stresses  developed  in  a  reinforced  concrete  beam 
by  a  load  applied  as  in  these  tests  varies  widely  over  the  region  in  which 
beam  bond  stresses  are  present.  High  bond  stresses  are  developed  just 
outside  the  load  points  at  comparatively  low  loads.  The  load  which 
first  developed  a  bond  stress  nearly  equal  to  the  maximum  bond  re- 
sistance in  the  region  of  beam  bond  stresses  produced  a  stress  near 
the  support  which  was  not  more  than  about  1*5  to  40%  of  the  maximum 
bond  resistance.  As  the  load  is  increased,  the  region  of  high  bond  stress 
is  thrown  nearer  and  nearer  the  support,  and  at  the  same  time  the  bond 
stress  over  the  region  just  outside  the  load  point  becomes  steadily  smaller. 
This  indicates  a  piecemeal  development  of  the  maximum  bond  stress 
as  the  load  is  increased.  The  actual  bond  stresses  in  certain  tests  varied 
from  less  than  one-half  to  more  than  twice  the  average  bond  resistance 
computed  in  the  usual  manner. 

(55)  Slip  of  bar  in  a  reinforced  concrete  beam  has  a  marked  in- 
fluence in  increasing  the  center  deflection  during  the  later  stages  of 
loading. 

(56)  The  comparison  of  the  bond  stresses  developed  in  beams  and 
in  pull-out  specimens  from  the  same  materials  is  of  interest.  Such  a 
comparison  should  be  made  for  similar  amounts  of  slip.  In  the  pull-out 
tests  the  maximum  bond  resistance  came  at  a  slip  of  about  0.01  in.  for 
plain  bars.  The  mean  bond  resistance  for  the  deformed  bars  tested  was 
not  materially  different  from  that  of  the  plain  bars  until  a  slip  of  about 
0.01  in.  was  developed;  with  a  continuation  of  slip  the  projections  came 
into  action  and  with  much  larger  slip  high  bond  stresses  were  developed. 
The  beam  tests  showed  that  about  79  to  94%  of  the  maximum  bond 
resistance  was  being  developed  when  the  bar  had  slipped  0.001  in.  at 
the  free  end ;  hence  the  bond  stress  developed  at  an  end  slip  of  0.001  in. 
was  used  as  a  basis  of  the  principal  comparisons  in  the  pull-out  tests. 
However,  it  is  recognized  that,  under  certain  conditions,  the  stresses 
developed  at  larger  amounts  of  slip  may  have  an  important  bearing  on 
the  effective  bond  resistance  of  the  bar. 

(57)  The  pull-out  tests  and  beam  tests  gave  nearly  identical  bond 
stresses  for  similar  amounts  of  slip  in  many  groups  of  tests,  but  it  seems 
that  this  was  the  result  of  a  certain  accidental  combination  of  dimen- 
sions in  the  two  forms  of  specimens  and  did  not  indicate  that  the  com- 
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puted  stresses  in  the  beams  were  the  correct  stresses.  However,  it  is 
believed  that  a  properly  designed  pull-out  test  does  give  the  correct 
value  of  bond  resistance,  and  gives  values  which  probably  closely  repre- 
sent the  bond  stresses  which  actually  exist  in  a  beam  or  other  member  as 
slipping  is  produced  from  point  to  point  along  the  bar.  The  relative 
position  of  the  bar  during  molding  may  be  expected  to  influence  the 
values  of  bond  resistance  found  in  the  tests. 

(58)  A  properly  made  pull-out  test  on  a  specimen  of  correct  design 
is  a  valuable  aid  in  determining  the  bond  resistance  of  reinforcing  steel 
in  concrete,  if  due  consideration  is  given  to  the  load-slip  relation.  The 
tensile  stress  in  the  bar  should  be  kept  well  below  the  elastic  limit.  Best 
results  will  be  obtained  by  using  a  relatively  short  embedment.  An 
embedment  of  8  diameters  is  recommended. 

(59)  A  working  bond  stress  equal  to  4%  of  the  compressive 
strength  of  the  concrete  tested  in  the  form  of  8  by  16-in.  cylinders  at 
the  age  of  28  days  (equivalent  to  80  lb.  per  sq.  in.  in  concrete  having  a 
compressive  strength  of  2000  lb.  per  sq.  in.)  is  as  high  a  stress  as  should 
be  used.  This  stress  is  equivalent  to  about  one-third  that  causing  first 
slip  of  bar  and  one-fifth  of  the  maximum  bond  resistance  of  plain  round 
bars  as  determined  from  pull-out  tests.  The  use  of  deformed  bars  of 
proper  design  may  be  expected  to  guard  against  local  deficiencies  in  bond 
resistance  due  to  poor  workmanship  and  their  presence  may  properly 
be  considered  as  an  additional  safeguard  against  ultimate  failure  by  bond. 
However,  it  does  not  seem  wise  to  place  the  working  bond  stress  for  de- 
formed bars  higher  than  that  used  for  plain  bars. 

101.  Concluding  Remarks. — The  tests  described  in  this  bulletin 
have  thrown  considerable  light  on  the  value  of  bond  resistance  and  the 
distribution  of  bond  stress  for  a  wide  range  of  conditions  in  both  beam 
and  pull-out  tests.  It  may  not  be  expected  that  all  of  the  results  indi- 
cated can  be  applied  without  modification  to  members  in  which  the 
conditions  of  stress  differ  widely  from  those  present  in  the  tests. 

Most  of  the  foregoing  discussions  and  conclusions  are  based  on 
comparisons  involving  the  load-slip  relations.  In  a  few  of  the  tests  the 
bond  stress  was  determined  from  a  study  of  the  variations  in  the  tensile 
stress  in  the  reinforcing  bar.  The  latter  method  furnishes  a  much  more 
direct  means  of  measuring  the  bond  stress,  but  it  has  been  available 
only  since  the  recent  development  of  a  non-fixed  extensometer.  Addi- 
tional testa  are  planned  which  are  expected  to  give  further  information  on 
this  subject. 
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Fig.  78.    Load-deflection  and  End-slip  Curves  for  Reinforced  Concrete  Beams. 
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Fig.  79.   Load-deflection  and  End-slip  Curves  for  Reinforced  Concrete  Beams. 
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Fig.  81.    Load-deflection  and  End-slip  Curves  for  Reinforced  Concrete  Beams. 
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Fig.  82.    Load-deflection  and  End-slip  Curves  for  Reinforced  Concrete  Beams. 
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Fig.  83.   Load-deflection  and  End-slip  Curves  for  Reinforced  Concrete  Beams. 
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Fig.  84.   Load-deflection  and  End-slip  Curves  for  Reinforced  Concrete  Beams. 
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Fig.  85.   Load- deflection  and  End-slip  Curves  for  Reinforced  Concrete  Beams. 
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MAGNETIC    AND   OTHER   PROPERTIES   OF   ELECTROLYTIC 
IRON  MELTED  IN  VACUO. 

I.     Introduction. 

1.  Scope  of  Bulletin. — Numerous  attempts  have  been  made  in 
recent  years  to  determine  the  properties  of  pure  iron  and  the  influence 
of  other  elements  upon  these  properties.  Electrolytically  deposited  iron 
of  a  high  degree  of  purity  and  the  finest  grades  of  Swedish  charcoal 
iron  were  used  in  these  experiments.  On  account  of  the  high  affinity 
of  pure  iron  for  other  elements,  especially  at  high  temperatures,  it  is 
very  difficult  to  expose  it  to  such  temperatures  without  having  it  con- 
taminated by  the  substances  with  which  it  comes  in  contact.  Among 
the  elements  exerting  the  most  influence  upon  the  properties  of  pure 
iron  in  proportion  to  the  quantities  added  are  carbon  and  oxygen.  It 
has  been  shown  that  pure  iron  in  the  molten  state  will  even  reduce  carbon 
monoxide  and  combine  with  the  carbon.  Other  reducing  and  neutral 
gases,  such  as  hydrogen  and  nitrogen,  are  partly  dissolved  by  iron  in 
the  molten  state,  and,  although  again  partly  dispelled  in  cooling,  are 
liable  to  be  entrapped  and  cause  blowholes. 

On  account  of  the  difficulties  above  enumerated,  the  only  means  of 
melting  pure  iron  without  contamination  appears  to  be  to  melt  it  in 
vacuo.  Consequently,  after  numerous  attempts  with  other  furnaces,  the 
author  constructed  a  vacuum  furnace  for  melting  the  electrolytic  iron 
and  its  alloys  with  other  elements. 

It  was  originally  intended  to  include  in  this  bulletin  the  results 
obtained  not  only  with  pure  iron,  but  also  with  certain  alloys  of  iron 
with  other  elements.  The  results  obtained  with  pure  iron  seem,  however, 
sufficiently  interesting  to  justify  devoting  one  bulletin  to  its  properties 
alone.  There  has  been  included  for  the  sake  of  comparison :  1,  two  sam- 
ples of  Swedish  charcoal  iron,  one  as  cut  from  the  original  plate  and 
the  other  as  remelted  in  the  vacuum  furnace;  2,  three  samples  of  elec- 
trolytic iron  to  which  have  been  added  small  amounts  of  carbon;  and  3, 
two  samples  of  commercial  steel  used  for  electrical  purposes  and  sup- 
plied by  the  manufacturer.  It  is  expected  that  other  bulletins  containing 
the  results  of  experiments  upon  various  iron  alloys  will  appear  in  the 
future.     The  magnetic,  electrical,  mechanical  and  metallurgical  prop- 
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erties  have  been  studied.  No  attempt  has  been  made  to  study  the  mag- 
netic properties  in  very  strong  fields. 

2.  Historical  Review. — To  mention  only  briefly  all  the  researches 
upon  the  magnetic  properties  of  iron  and  other  ferromagnetic  sub- 
stances would  be  beyond  the  scope  of  this  bulletin.  However,  it  seems 
desirable  to  review  briefly  the  experiments,  the  results  of  which  have  a 
definite  bearing  upon  the  present  investigation.  In  Appendix  V  will 
be  found  a  bibliography  relating  to  the  magnetic  and  allied  properties 
of  iron.  While  this  bibliography  is  not  complete,  it  covers  the  field 
quite  thoroughly. 

Considering  first  the  researches  made  upon  electrolytic  iron  as  de- 
posited, it  is  found  that  electrolytic  iron  was  used  as  a  basis  for  magnetic 
investigations  as  early  as  the  middle  of  the  nineteenth  century.  Beetz1* 
in  1860  deposited  iron  under  the  influence  of  a  powerful  magnet,  and 
the  plates  thus  produced  were  found  to  be  very  hard  and  have  a  large 
permanent  magnetism.  HolzG  in  1871  made  a  statement  to  the  same 
effect.  Other  investigators,  Kramer2  in  1861  and  Klein3  in  1868, 
claimed  that  electrolytic  iron  is  soft  and  possesses  no  permanent  mag- 
netism. Leick10  in  1896  deposited  iron  on  brass  rods  from  solutions  of 
ferrous  sulphate  and  ferrous  chloride  with  or  without  sal  ammoniac, 
and  obtained  perfectly  uniform  deposits.  The  rods  were  measured  as 
deposited  and  were  found  to  have  a  residual  magnetism  of  above  70  per 
cent  of  the  temporary  magnetism,  the  thinner  the  deposit  the  higher  the 
percentage.  The  coercive  force  was  found  to  be  20  to  30  c.  g.  s.  units, 
and  the  saturation  value  about  the  same  as  for  soft  iron.  For  H  =  90| 
he  obtained  an  induction  of  18,900.  Burgess  and  Taylor20  in  1906 
tested  the  iron  as  deposited  after  being  cut  into  rings.  They  found  the 
deposit  hard  and  brittle.  For  H  =  100  they  found  B  =  15,750,  the 
retentivity  =  10,300,  and  the  coercive  force  =  11.  Schild21  in  1908  con- 
firmed the  results  of  Burgess  and  Taylor.  In  1910  Terry220,  in  an 
excellent  paper  that  will  be  referred  to  later,  in  the  case  of  iron  as 
deposited  and  unannealed,  found  for  H  =  100,  B  =  17,400,  the  re- 
tentivity =9,560,  and  the  coercive  force  =  7.53. 


•Numerals  refer  to  the  bibliography  given  in  Appendix  V. 
tTlie   following   notation   is   used   throughout   this   bulletin: 

H  =  magnetizing  force  =  .4  7rn  I    -gilberts  per  cm. 

He  =  coercive   force — gilberts   per  cm. 
R  =  flux  density     gaus 

Br  =  retentivity — gausses. 

/*  =  permeability  =   R  — gausses  per  gilbert  per  cm. 
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Turning  now  to  the  experiments  upon  soft  commercial  iron  and 
electrolytic  iron  after  being  melted,  we  find  one  of  the  earliest  investi- 
gators to  be  Stoletow  of  Moscow,  who  in  1873,  using  a  ring  of  soft  iron 
with  two  coils  wound  on  it,  found  that  the  permeability  of  iron  first 
increased  and  then  decreased  as  the  magnetizing  force  increased.  At  the 
same  time  Rowland5  gave  a  most  important  contribution  to  the  knowl- 
edge of  magnetism  of  iron.  He  expressed  his  results  in  terms  of  abso- 
lute units,  and  discovered  the  shape  of  the  magnetization  curve  as  it  is 
known  today.  He  found  for  a  ring  of  Norway  iron  a  maximum  per- 
meability of  5,515,  at  that  time  considered  a  remarkably  high  value.  In 
1885  J.  Hopkinson7  published  the  results  of  his  investigations  on  35 
different  samples  of  iron  and  iron  alloys,  giving  chemical  analyses.  The 
specific  electrical  resistance  he  found  to  vary  from  13.78  microhms  for 
wrought  iron  to  100  microhms  for  cast  iron.  For  wrought  iron  he  found 
for  a  maximum  induction  of  18,251:  the  retentivity  =  7,248,  the 
coercive  force  =  2.30,  the  energy  loss  =  13,356  ergs  per  c.  c.  per  cycle. 
He  employed  the  double  bar  and  yoke  method  of  testing,  but  instead  of 
reversing  the  magnetizing  current,  as  the  practice  is  today,  he  jerked 
the  rod  to  be  tested  out  of  its  solenoid  and  obtained  a  kick  of  the  gal- 
vanometer needle  proportional  to  the  magnetism  in  the  rod.  In  1896 
Parshall9  published  additional  data  upon  the  magnetic  properties  of 
commercial  iron.  In  1900  and  1902  Barrett,  Brown  and  Hadfield15 
published  what  will  probably  be  regarded  as  the  most  important  results 
ever  published  on  the  magnetic  and  electrical  properties  of  iron  and  iron 
alloys.  They  used  as  their  standard  iron  Swedish  charcoal  iron,  con- 
taining the  following  impurities: 

C      —  .028% 

Si     —  .070% 

S       —  .005% 

P      —  .044% 

Mn  — trace 
Considering  first  the  specific  resistance,  these  investigators  found  that 
their  pure  iron  standard  had  a  resistance  of  10.2  microhms  per  c.c.  and 
that  1  per  cent  of  any  element  added  to  pure  iron  increased  its  specific 
resistance  by  an  amount  approximately  proportional  to  the  specific 
heat  or  inversely  proportional  to  the  atomic  weight  of  the  alloying 
element.  This  relation  was  first  suggested  by  Le  Chatelier13  in  1898, 
and  was  confirmed  by  Barrett19  in  1902,  who  published  the  following 
table : 
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Table  1. 

Effect  of  Different  Elements  upon  the  Electrical  Resistance 
of  Pure  Iron.     (From  Barrett.) 


Alloy  of  Iron  with 

Increase  in  Spec. 

Resist,  for    1% 
Added  of  Element 
of  Col.  1.  microhms 

Spec.  Heat  of 
Alloying  Element 

Atomic  Weight  of 
Alloying  Element 

2.0 
3.0 
3.5 
5.0 
5.0 
8.0 
13.0 
14.0 

.035 
.107 
.109 
100(?) 
.160* 
.122 
.183 
.212 

184 

Cobalt 

59 

Nickel 

59 

52 

12 

55 

28 

27 

*For  graphite 

Considering  next  the  magnetic  properties  of  the  100  or  more  rods 
investigated  by  Barrett,  Brown  and  Hadfield,  it  is  found  that  the  only 
alloys  that  are  more  magnetic  than  the  purest  commercial  iron  are  those 
containing  small  percentages  of  silicon  and  aluminum.  Carbon  appears 
to  be  the  element  most  detrimental  to  magnetic  quality.  The  magnetiza- 
tion curves  for  the  iron  standard  together  with  their  best  silicon  alloy, 
containing  2J  per  cent  Si.,  and  their  best  aluminum  alloy,  containing  2\ 
per  cent  Al.  are  shown  in  Fig.  1.  These  curves  were  obtained  after  care- 
ful annealing.     In  Table  2  is  given  some  additional  data  for  these  rods. 

Table  2. 

Summary  of  the  Magnetic  and  Electrical  Properties   of 

Hadfield's  Best  Magnetic  Iron.     (From  Barrett, 

Brown  &  Hadfield.) 


Hysteresis 

Hysteresis 

Rod  No. 

Description 
of  Iron 

Maximum 
Permea- 
bility 

^  max 

B  for 
r1  max 

Loss 

for  B  max 

=9.000. 

Ergs  per 

c.  c.  per 

cycle 

Loss 

for  B  max 

=4,000. 

Ergs  per 

c.  c.  per 

cycle 

Retentivity 
for  B  max 
=  17.700 

Coercive 

i  Force 

for  B  max 

=  17.700 

S.  C.  I. 

Stand. 

2.100 

4.000 

2.334 

638 

10.800 

I   10 

898E 

2H%  Si 

5.000 

4.000 

1.549 

436 

8.000 

0.80 

1.1G7H 

2H%  Al 
Lohy.* 

5.400 

5.000 

1.443 

386 
537 

0.80 

♦From  Messrs.  J.  Sankey  &  Sons. 

In  1901  Gumlieh  and  Schmidt16  published  results  obtained  at  the 
Physikalische  Teknische  Reichsanstalt.  They  investigated  a  Large  Dum- 
ber of  commercial  irons.  Their  besl  iron,  magnetically,  had  a  maximum 
permeability  of  8,350  with  the  retentivity  =  10,300,  the  coercive  force 
=  0.6,  and  the  electrical  resistance  =  11.3  microhms. 
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In  1909  and  1910  Burgess  and  Aston  published  a  series  of  articles 
on  the  magnetic  properties  of  electrolytic  iron  after  being  melted28,  and 
on  the  influence  on  these  properties  of  arsenic22-23,  antimony28,  tin23, 
bismuth22,  silicon27,  copper20  and  nickel25.  They  also  published  an  article 
comparing  the  magnetic  properties  of  electrolytic  iron  with  those  of  some 
commercial  steels28.  The  iron  used  by  them  was  doubly  refined  elec- 
trolytically  of  the  following  composition :  C  =.012  per  cent,  Si  =  .01  per 
cent,  Fe  =  99.97  per  cent.  This  iron  was  melted  in  a  resistance  furnace 
in  a  covered  magnesia  crucible  placed  inside  a  covered  graphite  crucible, 
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buried  in  crushed  carbon.  The  ingots  thus  produced  were  forged  into 
rods  and  turned.  After  being  melted  and  forged,  the  carbon  content  was 
found  upon  analysis  to  vary  from  .012  per  cent  in  some  specimens  to  0.12 
per  cent  in  others,  showing  that  the  iron  had  absorbed  carbon  in  the 
process.  On  account  of  this  variation  in  absorbed  carbon,  and  because 
also  of  the  variation  in  mechanical  treatment,  which  can  hardly  be  alto- 
gether avoided,  the  magnetic  properties  varied  considerably,  even  for 
samples'  with  no  alloying  element  added  to  them.  Table  3  gives  the  mag- 
netic properties  of  their  best  electrolytic  iron  rod,  No.  117A. 


Table  3. 

Summary  of  the  Magnetic  Properties  of  Burgess'  Best  Elec- 
trolytic Iron  (From  Burgess  and  Aston).    Rod  No.  117A. 


Values  of  B  in  Gausses  for 

Coercive 
Force 

Reten- 
tivity 

Specific 

Heat  Treatment 

H=10 

H=20 

H=50 

H-100 

Elec.Res. 
microhms 

Unannealed 

Ann.  075°  C 

Ann.  1000°  C 

Quenched  900°  C  .  . 

13,100 
10,000 
13,350 
11,800 

15,750 
15,950 
15,450 
14,000 

17.600 
17,700 
17,050 
16,950 

18,850 
18,850 
18.200 
18,150 

5.5 
6.2 
3.1 
2.5 

12,300 

13,800 

10,000 

8,000 

j.„ 

This  result  shows  an  improvement  over  the  Swedish  charcoal  iron. 

Of  the  various  alloying  elements  investigated,  arsenic  (3  to  4  per 
cent),  tin  (1  to  2  per  cent),  and  silicon  (up  to  5  per  cent)  were  found  to 
increase  the  permeability  slightly  at  low  densities  and  bismuth  at  high 
densities,  while  copper,  manganese,  antimony  and  nickel  were  found  to 
decrease  the  permeability  to  a  greater  or  less  extent.  The  electrical  re- 
sistance of  the  electrolytic  standard  measured  12.1  microhms. 

Guggenheim29  in  1911  has  shown,  for  iron  containing  0.2  per  cent 
carbon,  that  silicon  in  quantities  up  to  1.8  per  cent  decreases  the  permea- 
bility, but  that  from  1.8  to  5.0  per  cent  silicon  improves  the  permeability 
and  decreases  the  hysteresis  loss.  He  found  for  Bmax=  10,000  in  sheets 
S  mm.  thick  the  following  values  for  the  hysteresis  loss: 

For  ordinary  sheet  iron.  ..  .(5,000  ergs  per  c.  c.  per  cycle 

For  best-  silicon   steel 2,910  *crgs  per  c.  c.  per  cycle 

Later,  I  Linden  and  Rossiter80  gave  some  data  for  Stalloy,  the  trade 
name  for  a  commercial  transformer  steel.  The  maximum  permeability 
W8LS  Found  to  he  : 

/xm;ix    for   unannealed   Stalloy ;>. 100  at  B  =  4,500 

,,max    for    annealed    Stalloy t,200  at  B  =  7,000 

The  hysteresis  loss=   =2,500  ergs  per  c.  c.  per  cycle  for  B  =  10,000. 
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In  1912*  De  Nolly  and  Veyret31  summarized  their  results  in  the 
following  recommendation  for  dynamo  iron : 

Composition :  Carbon  <  0.1  per  cent,  silicon  ==  4  per  cent,  manga- 
nese <  0.3  per  cent,  sulphur  and  phosphorus  as  little  as  possible.  The 
final  iron  should  be  annealed  at  800°  C.  and  slowly  cooled. 

Besides  the  researches  upon  iron  at  ordinary  temperatures  in  low 
and  medium  fields,  a  large  amount  of  work  has  been  done  to  determine 
the  properties  of  iron  in  intense  fields  and  at  temperatures  ranging  from 
— 200°  C.  to  +1,300°  C.  Among  the  earliest  investigators  working 
with  iron  in  intense  fields  are  found  Ewing  and  Low,  who,  in  1887101 
and  1889102,  published  the  results  of  their  investigations  on  the  properties 
of  iron  in  fields  ranging  from  3,000  to  25,000  gilberts  per  cm.  To 
obtain  these  fields  they  employed  test-pieces  machined  into  the  shape  of 
double  cones  with  a  short  "isthmus"  at  the  apex.  They  found  the  fol- 
lowing values  for  the  saturation  intensity  of  magnetization,  I : 
For  "Lowmoor"  iron  I  =  1,680  for  H  =  6,000 
For     Swedish     iron  I  =  1,700  for  H  =  6,000 

DuBois103  in  1890  obtained  1,700  to  1,750  for  H  —  2,500.  Gum- 
lich104  in  1909,  using  electrolytic  iron,  obtained  1,725  for  H  =  6,000. 
The  most  important  investigation  in  this  field  is  that  by  Hadfield  and 
Hopkinson105,  who  investigated  the  saturation  values  for  I  (they  termed 
this  value  the  "Magnetism"  or  the  "Specific  Magnetism"  of  the  sub- 
stance) for  a  large  number  of  alloys.  Their  results  are  summarized 
as  follows: 

1.  Every  alloy  has  a  definite  saturation  intensity  ("specific  mag- 
netism"), in  most  cases  reached  for  H  =  5,000.  Alloys  behave  as  if 
consisting  of  a  mixture  of  magnetic  and  non-magnetic  substances. 

2.  No  alloy  has  a  higher  specific  magnetism  than  pure  iron. 

3.  The  specific  magnetism  for  pure  iron  of  density  7.80  is  1,680. 

4.  The  effect  of  carbon  is  to  decrease  the  specific  magnetism  by 
a  percentage  equal  to  six  times  the  percentage  of  carbon.  As  the  per- 
centage of  iron  carbide  is  15.5  times  the  percentage  of  carbon,  the 
specific  magnetism  of  iron  carbide  is  2/3  that  of  pure  iron. 

5.  Quenching  iron-carbon  alloys  from  a  high  temperature  de- 
creases the  specific  magnetism  by  a  large  but  uncertain  amount. 

6.  Additions  of  silicon  or  aluminum  reduce  the  specific  magnetism 
as  if  they  are  inert  materials.  Silicon  seems  to  neutralize  the  effect  of 
carbon  to  some  extent. 
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The  effect  of  temperature  upon  the  magnetic  properties  of  iron 
was  studied  as  early  as  1874  by  Rowland201,  followed  by  a  large  number 
of  investigators  (see  Appendix  V).  Fleming  and  Dewar213  in  1896 
found  the  permeability  to  be  lower  at  — 200°  C.  than  at  ordinary 
temperatures.  For  Sankey's  best  transformer  iron  they  found  for  a 
temperature  of  —  185°  C.  /xmax  =  2,800,  and  for  a  temperature  of  +  15° 
C.  /u,max  =  3,300  for  B  =  7,000.  The  hysteresis  loss  was  found  to  be 
the  same  at  both  temperatures,  namely  2.1  watts  per  pound  per  100 
cycles  (—  3,000  ergs  per  c.  c.  per  cycle),  for  Bmax^  10,000. 

Morris217  in  1897  used  Swedish  charcoal  iron  in  the  form  of  rings. 
For  Sankey's  best  transformer  iron  he  found  that  for  small  values  of 
H  the  permeability  increased  as  the  temperature  was  raised,  reaching 
a  maximum  of  15,000  at  a  temperature  of  about  765°  C.  When  the 
temperature  was  raised  still  further  the  permeability  was  found  to  drop 
off  very  rapidly  and  become  nearly  1  at  780°  C.  For  higher  values  of 
H,  ii  decreased  steadily,  until  it  made  a  sudden  drop  at  the  same  critical 
temperature.  The  maximum  value  of  /x  at  ordinary  temperatures  was 
found  to  be  4,580.  Wills222  in  1900  confirmed  the  results  of  Morris. 
He  found  a  maximum  value  of  permeability  of  17,228  for  H  =  0.172  at 
a  temperature  of  about  730°  C,  dropping  almost  to  unity  at  780°  C. 
Honda  and  Shimizu224  in  1905,  using  ovoids,  determined  the  critical 
points  for  iron,  cobalt  and  nickel,  and  found  the  magnetism  in  iron  to 
disappear  at  785°  C,  in  cobalt  at  1,100°  C.  and  in  nickel  at  350°  C. 

In  1910  Terry  published  the  results  of  a  very  extended  investiga- 
tion upon  electrolytic  iron  as  deposited.  He  summarized  his  results  as 
follows: 

1.  Freshly  prepared  iron  is  very  hard  magnetically. 

2.  Different  samples  show  marked  dissimilarities  at  low  fields 
which  disappear  upon  annealing  at  1,000°  C. 

3.  For  large  fields,  all  samples  are  quite  similar,  the  values 
obtained  for  susceptibility  being  intermediate  between  those  of  Leick 
and  Schild. 

4.  Plunging  into  liquid  air  produces  no  permanenl  hardening. 

5.  The  retentivitv  has  a  maximum  in  the  neighborhood  of  room 
temperature. 

6.  Marked  softening  occurs  magnetically  at  the  hydrogen  trans- 
formation points. 

7.  Ferro-magnetism  reappears  on  cooling  at  the  same  tempera- 
ture at  which  it  disappears  on  heating.    This  temperature  is  785°  C. 
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8.  The  depression  in  the  permeability-temperature  curves  obtained 
by  Morris  does  not  exist  for  this  iron. 

9.  The  best  temperature  for  annealing  is  1,100°  C. 

10.  Although  when  properly  annealed  it  has  a  lower  coercive  force 
and  a  higher  permeability  than  Swedish  iron,  its  high  retentivity  causes 
a  large  hysteresis  loss. 

From  this  brief  review  the  following  general  conclusions  may  now 
be  drawn: 

1.  No  better  agerjcy  than  pure  iron  exists  for  conveying  magnetism. 

2.  The  purest  iron  obtainable  is  electrolytic  iron.  This  iron  as 
deposited  is,  however,  magnetically  hard  but  may  be  cured  by  certain 
heat-treatments. 

3.  As  pure  iron  at  high  temperatures  is  very  readily  contaminated 
by  elements  that  decrease  its  magnetic  properties,  it  is  necessary  to  pro- 
tect it,  by  some  means  or  other,  from  contamination,  if  subjected  to  high 
temperatures,  and  particularly  if  melted. 

4.  As  it  is  almost  impossible  with  ordinary  methods  to  melt  pure 
iron  without  having  it  slightly  oxidized,  it  may  be  deoxidized  by  adding 
to  it  some  deoxidizing  agent  such  as  silicon  or  aluminum,  elements  that 
have  a  higher  affinity  for  oxygen  than  iron. 

5.  It  is  highly  desirable  that  the  electrical  resistance  of  iron  for 
magnetic  purposes  be  as  high  as  possible.  It  is,  therefore,  very  fortunate 
that  the  deoxidizing  agents  mentioned  under  4  have  the  property  of 
increasing  the  electrical  resistance  to  a  very  large  extent,  thus  lowering 
the  eddy  current  losses  in  the  iron  when  subjected  to  alternating  currents. 

As  already  mentioned,  it  is  not  the  intention  to  take  up  in  this 
bulletin  the  effect  of  these  deoxidizing  agents  upon  pure  iron.  This 
will  be  deferred  to  some  later  date.  This  bulletin  will  show  to  what 
extent  iron  may  be  protected  without  the  use  of  these  agents,  namely 
by  melting  it  in  vacuo. 

3.  Early  Experiences. — The  author  of  this  bulletin  took  up  the 
investigation  of  the  magnetic  properties  of  iron  and  iron  alloys  during 
the  summer  of  1911  and,  with  a  short  interruption,  has  continued  it 
since  that  time.  Electrolytically  deposited  iron  has  been  the  basis  for 
the  investigation.  At  first  a  Hoskins  resistance  furnace  was  used  for 
the  melting  of  the  iron.  The  crucibles,  after  being  well  protected  by 
two  covers,  were  placed  in  the  heating  chamber,  heated  until  the  iron 
was  melted  and  left  until  cool  enough  to  handle.  It  was  supposed  that 
the  atmosphere  in  the  furnace  was  sufficiently  reducing  to  prevent  oxida- 
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tion  of  the  iron,  as  the  resistor  consisted  of  carbon  plates,  but  it  was  soon 
discovered  that  the  iron  was  so  badly  oxidized  that  it  went  to  pieces  in 
the  attempt  to  forge  the  ingots  at  forging  temperatures.  Little  trouble 
was  had  in  forging  ingots  heated  to  dull  redness. 

After  this  first  experience  the  crucibles  were  covered  with  crushed 
carbon  following  substantially  the  method  of  Burgess  and  Aston.  While 
no  serious  oxidation  took  place  under  these  conditions,  it  was  impos- 
sible to  obtain  uniform  results.  This  was  the  case  both  with  the  elec- 
trolytic iron  and  with  the  Swedish  charcoal  iron.  Attempts  were  made 
to  use  a  definite  fineness  of  carbon  and  to  determine  what  effect  changing 
the  fineness  had  upon  the  results,  but  no  relation  could  be  discovered. 
Fifteen  electrolytic  and  fifteen  Swedish  iron  rods  were  made,  and  there 
are  hardly  two  rods  that  have  the  same  B-II  curve  either  as  forged  or 
after  being  annealed  at  900°  C.  The  magnetic  and  electrical  data  for 
eight  of  the  electrolytic  iron  rods  are  given  in  Table  4  for  the  sake  of 
comparison.  From  these  results  it  is  seen  that  relatively  large  quanti- 
ties of  carbon  were  absorbed  by  the  iron.  On  account  of  this  difficulty 
it  was  decided  to  construct  a  vacuum  furnace  for  the  melting  of  the  iron. 
While  the  results  obtained  with  this  furnace  are  not  entirely  uniform, 
the  non-uniformity  must  be  attributed  chiefly  to  the  unavoidable  differ- 
ences in  the  mechanical  treatment  of  the  rods. 
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II.     Material  and  Apparatus. 

5.  Electrolytic  Iron. — The  electrolytic  iron  used  in  this  investiga- 
tion was  obtained  by  methods  developed  by  Burgess301.  As  a  considerable 
amount  of  work  has  been  done  recently  by  Watts  and  Lino2  to  improve 
upon  the  methods  originally  used  by  Burgess,  the  details  of  the  refining 
plant  constructed  by  the  author  will  be  omitted,  and  only  the  chief 
features  will  be  mentioned.  The  electrolyte  used  consisted  of  ferrous 
sulphate  and  ammonium  chloride.  Swedish  charcoal  iron  was  used  as 
anodes,  having  the  following  impurities : 

Si       —.032% 

S        —  .0002% 

C        —.163% 

P        —  none 

Mn  —  none 
The  Swedish  iron  was  first  deposited  upon  lead  cathodes,  and  these 
were  used  as  anodes  in  the  second  refining.  The  chemical  analysis  of 
the  doubly  refined  iron  shows  that  it  contains  C  —  .006  per  cent,  Si  —  .01 
per  cent.  This  iron,  of  a  purity  of  99.97  to  99.98  per  cent,  is  the  material 
that  has  been  used  as  the  basis  for  the  present  investigation.  The  iron, 
as  deposited,  was  very  rough  and  nodular,  but  for  the  purpose  intended 
this  condition  was  of  no  importance  as  the  iron  had  to  be  broken  into 
small  pieces. 

6.  Crucibles. — The  crucibles  for  melting  the  electrolytic  iron  were 
made  from  electrically  fused  magnesia,  practically  free  from  iron  but 
containing  about  2  per  cent  silica.  They  measure  3 J  in.  (8.3  cm.)  out- 
side diameter  and  4  in.  (10  cm.)  in  height,  holding  500  to  600  grams  of 
crushed  electrolytic  iron.  The  arc  furnace  for  producing  the  magnesia 
and  the  method  of  making  the  crucibles  are  described  in  Appendix  I. 

7.  Vacuum  Furnace. — As  already  mentioned  in  the  introduction, 
a  Hoskins  resistance  furnace  was  at  first  employed  for  melting  the  iron, 
but  on  account  of  the  contamination  of  the  iron  with  oxygen  and  carbon, 
this  was  superseded  by  a  vacuum  furnace.  The  details  of  this  furnace 
are  given  in  Appendix  II.  Suffice  it  to  say  here  that  it  is  of  the  Arsem 
type  and  was  constructed  in  the  shop  of  the  Electrical  Engineering 
Department.  It  is  capable  of  melting  500  to  600  grams  of  pure  iron  in 
half  an  hour  with  a  vacuum  of  less  than  0.5  cm.  of  mercury. 

8.  Reheating  Furnace. — The  reheating  furnace  employed  for 
annealing  the  test-pieces  is  described  in  detail  in  Appendix  III.  It  was 
modeled  after  the  Hoskins  carbon  plate  resistance  type  furnace  and  was 
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constructed  in  the  department  shop.    For  the  critical  temperature  investi- 
gation of  the  iron  a  small  Hoskins  muffle  furnace  was  employed. 

9.  Pyrometer. — All  temperature  determinations  were  made  with 
a  standard  platinum-platinum  +  10  per  cent  rhodium  pyrometer.  This 
was  calibrated  at  intervals  by  means  of  the  melting  points  of  copper 
(1,083°  C.),  aluminum  (658°  C),  and  tin  (232°  C.)  in  a  reducing 
atmosphere  and  the  boiling  points  of  sulphur  (444.7°  C.)  and  water 
(100°  C),  all  of  standard  purity.  The  calibration  curve  was  found  to 
be  practically  constant,  uniformly  low  by  6  to  8°  C.  In  the  early  part 
of  the  investigation  the  cold  junction  was  kept  at  room  temperature  and 
the  galvanometer  readings  corrected  by  adding  one-half  of  this,  but  later 
a  vacuum  bottle  was  provided  for  keeping  this  junction  at  0°  C.  Elec- 
troquartz  protecting  and  insulating  tubes  were  used  throughout. 

10.  Permeameter. — A  number  of  different  instruments  for  the 
magnetic  measurements  were  tried  and  discarded.  As  it  was  desirable 
to  make  a  large  number  of  test  pieces,  Rowland's  ring  method  was 
impracticable,  both  on  account  of  the  difficulty  of  construction  and  be- 
cause of  the  difficulty  of  electrical  resistance  measurements.  An  instru- 
ment was  needed  that  could  measure  accurately  the  magnetic  properties 
of  relatively  short  rods.  The  one  finally  decided  upon  was  constructed 
by  the  author  in  accordance  with  recommendations  made  by  the  Bureau 
of  Standards402.  While  this  instrument  requires  considerable  time  for 
the  actual  measurements,  no  corrections  need  ordinarily  to  be  made, 
and  the  meters  read  directly  in  B  and  H.  The  apparatus  with  all  its 
accessories  is  fully  described  in  Appendix  IV.  Briefly  stated,  it  con- 
sists of  a  double  bar  and  yoke,  with  one  main  and  one  auxiliary  solenoid, 
separately  operated,  and  four  compensating  coils  in  series,  next  to  the 
yokes.  By  means  of  three  secondary,  or  search  coils,  next  to  the  liars, 
the  magnetic  flux  can  be  investigated  at  different  points  of  the  magnetic 
circuit  and  can  be  equalized  by  adjusting  the  currents  in  the  various 
magnetizing  coils.  With  no  leakage  the  magnetizing  force  for  the  rod 
measured  is 

HT  =  .47rllTlT 

where  nT  =  number  of  turns  per  cm.  length  of  tlie  main  solenoid,  and 
IT  =  current  in  amperes  of  the  main  solenoid. 

It  is  shown  in  Appendix  IV  that  the  correction  to  ITT  on  account  of 
the  end  effects  of  the  various  magnetizing  coils  is  within +  1  per  cent 
of  ITT  for  ordinary  iron,  and  is  within  -f  1  per  cent  for  the  highest  per- 
meability found  for  electrolytic  iron  melted  in  vacuo.     Those  corrections 
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have  not  been  made  in  the  results  reported  in  this  bulletin  for  reasons 
to  be  shown  below. 

For  the  determination  of  "B"  a  Leeds  and  Northrup  ballistic  gal- 
vanometer was  used  in  the  early  part  of  the  work.  The  period  of  this 
galvanometer  was  adjusted  to  15  seconds,  and  its  resistance  was  1,800 
ohms.  It  could  be  calibrated  without  changing  the  galvanometer  cir- 
cuits by  means  of  a  mutual  inductance  (also  described  in  Appendix  IV) 
consisting  of  a  primary  coil  90  cm.  long  by  10  cm.  diameter  and  a  second- 
ary coil  about  8  cm.  long,  wound  over  the  middle  portion  of  the  primary. 
This  galvanometer  served  the  purpose  very  well,  until  the  vacuum  iron 
was  to  be  measured.  This  iron  was  found  to  have  such  high  permeabil- 
ity, particularly  after  being  annealed,  and  such  low  electrical  resistance 
that  the  eddy  currents  produced  in  the  rod  as  well  as  the  high  inductance 
of  the  coils  made  the  change  oft  magnetism  too  sluggish  for  accurate 
determinations.  This  was  particularly  true  for  hysteresis  measurements, 
in  changing  from  Bmax  to  some  point  on  the  descending  part  of  the 
loop,  such  as  B  =  —  J  Bmax,  the  change  would  require  as  much  as  five 
or  six  seconds  before  being  completed.  To  remedy  this  difficulty  a 
Grassot  fluxmeter  was  obtained  for  the  final  measurements.  In  this 
instrument  the  suspension  effect  has  been  practically  eliminated,  and  the 
deflection  is  independent  of  the  time  required  by  the  flux  to  complete 
the  change.  All  the  different  connections  for  operating  the  permeameter 
are  made  through  rocking  mercury  switches  operated  by  means  of  keys 
similar  to  piano  keys.  In  this  manner  any  number  of  switehes  up  to 
ten  may  be  operated  simultaneously,  and  comparatively  little  time  is 
occupied  in  making  the  adjustments. 

In  Fig.  2  is  shown  the  magnetization  curves  for  the  standard  rod  No. 
3-33B,  as  obtained,  first,  by  the  Bureau  of  Standards,  second,  by  means 
of  the  author's  permeameter  using  the  Leeds  and  Northrup  galvanometer, 
and  third,  by  using  the  Grassot  fluxmeter.  The  second  curve  was  ob- 
tained by  first  making  adjustments  by  means  of  the  fluxmeter  and  then  by 
making  the  final  measurement  with  the  galvanometer.  The  discrepancy 
between  the  first  and  third  curves  at  low  and  medium  densities  may  be 
partly  explained  in  this  way:  The  rod  as  measured  by  the  Bureau  of 
Standards  was  covered  with  a  thin  film  of  oxide,  preventing  perfect 
contact  between  the  rod  and  the  yokes.  On  this  account  a  comparatively 
large  compensating  current  was  necessary  to  obtain  equality  of  flux  for 
low  values  of  H.  The  author  tested  the  bar  upon  its  return  from  the 
Bureau  of  Standards  and  obtained  figures  somewhat  lower  than  but 
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Fig.  2.     Magnetization  Curves  for  Standard  Rod.     No.  3-33B. 
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quite  close  to  those  submitted  by  the  Bureau.  However,  when  it  later 
on  was  found  necessary  to  clean  the  contacts  of  the  rods  in  order  to 
keep  the  compensating  currents  within  proper  limits,  the  standard  rod 
was  also  cleaned  and  remeasured.  The  curves  shown  in  Fig.  2  are  the 
results  of  this  final  test.  It  may  be  that  these  results  are  due  to  the 
effect  of  the  cleaning  process  upon  the  magnetic  properties  of  the  iron. 
But  this  is  doubtful,  as  the  cleaning  was  done  by  means  of  light  hand 
rubbing  with  rather  fine  emeiy  cloth.  Again  it  may  be,  as  will  be  dis- 
cussed later,  that  the  discrepancy  is  due  to  some  slight  straining  of  the 
rod  as  clamped  between  the  yokes.  At  any  rate  the  author's  curve,  for 
low  and  medium  densities,  is  below  that  of  the  Bureau  of  Standards, 
and  he  feels,  therefore,  that  the  results  given  in  this  bulletin,  if  they 
be  slightly  in  error,  are  on  the  safe  side.  For  this  reason  no  corrections 
of  HT  due  to  the  end  effects,  referred  to  above,  have  been  made. 

11.  Conductivity  Bridge. — The  electrical  resistance  was  measured 
on  a  Thompson  double  bridge  using  13  cm.  of  the  rods  between  the  con- 
tacts. The  bridge  was  checked  by  means  of  a  potentiometer  and  standard 
cell  and  the  discrepancy  found  to  be  less  than  1  per  cent. 

III.    Details  op  the  Experiments. 

12.  Cleaning  the  Iron. — The  electrolytic  iron  before  being  placed 
in  the  crucible  to  be  melted  was  thoroughly  cleaned  as  follows :  The  iron 
was  crushed  into  small  pieces  and  the  requisite  amount  for  one  melt, 
from  500  to  600  grams,  weighed  out  and  placed  in  a  bath  of  1 :3  hydro- 
chloric acid  solution  until  all  rust  had  disappeared.  The  acid  was  then 
removed  by  introducing  boiling  distilled  water  through  a  glass  tube  that 
at  the  same  time  served  as  a  stirrer.  This  process  was  continued  until 
the  solution  was  perfectly  clear  and  free  from  acid.  The  water  was 
then  poured  off  and  any  water  adhering  to  the  iron  dissolved  by  means 
of  two  baths  of  denatured  alcohol  from  which  the  moisture  had  been 
removed  by  quicklime.  After  such  a  treatment  the  iron  might  be  left 
exposed  to  the  air  for  a  day  or  more  without  rusting.  However,  during 
these  experiments  it  was  immediately  transferred  to  a  crucible,  covered 
by  means  of  a  magnesia  cover,  and  placed  in  the  furnace. 

13.  Melting  the  Iron. — As  mentioned  in  the  introduction,  an 
ordinary  resistance  furnace  was  used  in  the  early  part  of  the  investiga- 
tion. The  covered  magnesia  crucible  was  placed  inside  a  covered 
graphite  crucible  and  buried  in  crushed  graphite.  The  melting  was 
completed  in  about  three  hours,  the  current  was  then  cut  off  and  the 
furnace  left  to  cool. 


18  ILLINOIS  ENGINEERING  EXPERIMENT  STATION 

In  the  vacuum  furnace  the  magnesia  crucible  was  placed  in  a  low 
graphite  receiver  as  shown  in  Appendix  II.  The  furnace  was 
exhausted,  first  by  means  of  a  water  aspirator  capable  of  reducing  the 
pressure  to  4  or  5  cm.  of  mercury,  and  then  by  means  of  a  Geryck  double 
c}rlinder  pump.  A  vacuum  of  0.5  cm.  was  deemed  sufficient  for  this 
work,  although  it  was  less  at  times.  As  soon  as  this  vacuum  was 
reached  the  furnace  was  heated  up,  slowly  at  first,  so  as  to  give  the 
absorbed  gases  time  to  get  away  without  too  much  loss  of  vacuum.  When 
vacuum  was  regained  and  the  resistor  had  become  dull  red,  requiring 
about  one  hour,  full  load  was  put  on  and  left  on  for  the  length  of  time 
required  to  thoroughly  melt  the  charge.  The  time  required  was  ascer- 
tained by  means  of  a  preliminary  test,  in  which  a  cover  with  a  small 
hole  in  the  center  was  used  on  the  crucible.  The  condition  of  the  iron 
could  then  be  watched  through  the  window  in  the  top  of  the  furnace. 
About  15  kw.  for  30  minutes  was  usually  sufficient  to  melt  the  charge, 
but  in  order  to  insure  homogeneity  about  12  kw.  was  left  on  for  another 
15  minutes.    The  furnace  was  then  left  to  cool. 

14.  Forging  the  Ingots  into  Rods. — When  removed  from  the  fur- 
nace the  ingots  were  as  bright  as  silver  and  so  soft  that  they  could  be 
cut  with  a  knife.  They  were  reheated  in  a  coke  forge  and  forged  under 
a  steam  or  trip  hammer.  No  difficulty  was  experienced  in  the  process, 
but  care  had  to  be  used  not  to  heat  the  ingots  too  hot,  as  the  iron  burned 
very  readily,  and  after  overheating  it  was  liable  to  go  to  pieces  under  the 
hammer.  An  ordinary  forging  temperature,  dull  to  bright  orange,  has 
been  found  the  most  suitable.  In  order  to  reduce  the  size  of  the  crystals 
the  forging  was  continued  until  the  rods  were  black.  The  dimensions 
of  the  finished  rods  were  about  %"  X  20"  (=  1.25  cm.  X  50  cm.). 

With  regard  to  the  safety  of  reheating  this  pure  iron  in  an  ordinary 
forge  without  contamination  the  chemical  analysis  has  shown  that  the 
carbon  content  of  the  iron  was  practically  the  same  before  and  after  forg- 
ing, in  this  respect  confirming  the  conclusions  of  Professor  Burgess. 

15.  Preparing  the  Test-pieces. — From  the  forged  rods  the  fol- 
lowing test-pieces  were  made : 

1.  One  magnetic  test-piece,  Berving  also  for  the  electrical  tests, 
0.392"  (=.996  cm.)  in  diameter  and  14"  (=35.5  cm.)  long.  The 
earlier  rods  were  only  12"  (=30.5  cm.)  long. 

2.  Two  test-pieces  for  the  mechanical  tests,  having  a  middle 
section  0.3"  (=.76  cm.)  in  diameter  and  ll/2"  (=3.8  cm.)  long,  with 
threaded  ends  %"  by  %"  (=  1.25  cm.).     (See  Pig.  11.) 
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3.  One  test-piece  for  the  metallurgical  investigation  %"  by  %" 
(=1.25  cm.). 

4.  One  test-piece  for  the  critical  temperature  investigation  y2" 
(=1.25  cm.)  by  1"  (=2.5  cm.),  with  a  hole  %"  (=.6  cm.)  by  %" 
(=  1.25  cm.)  drilled  in  one  end. 

The  shavings  obtained  by  the  process  of  preparing  these  test-pieces 
were  collected  after  first  removing  the  exposed  parts  of  the  rods  and 
used  for  the  chemical  analysis.  No  oil  was  used  during  the  collection 
of  these  shavings. 

16.  Annealing  and  Quenching. — After  the  test-pieces  (1  and  3 
above)  had  been  tested  as  forged,  they  were  sent  through  different  heat 
treatments,  either  alone  or  together  with  other  test-pieces.  If  they  were 
to  be  annealed  they  were  packed  in  pulverized  sintered  magnesia  in  an 
iron  container,  A,  Fig.  62.  In  order  to  minimize  the  formation  of 
oxide  on  the  surface  of  the  rods,  it  was  found  expedient  to  moisten  the 
magnesia  with  alcohol.  The  alcohol  in  evaporating  presumably  expelled 
the  air  surrounding  the  rods,  leaving  them  in  a  reducing  atmosphere. 
The  film  of  oxide  formed  on  the  rods  under  these  conditions  was  very 
thin  and  could  be  removed  with  fine  emery  cloth,  except  after  severe 
treatment,  such  as  cooling  from  900°  C.  to  200°  C.  in  48  hours.  Even 
then  no  difficulty  was  had  in  removing  the  film.  With  the  exception 
of  the  preliminary  tests  of  rods  No.  3-39  and  No.  3-31,  definite  cooling 
curves  were  followed.  In  a  few  cases  this  was  the  logarithmic  curve 
T  =  900€~00105t,  where  T  =  temperature  and  t  =  time  in  minutes.  In  all 
other  cases  the  cooling  curve  was  a  straight  line,  connecting  900°  and 
200°  C.  The  time  was  12,  24  or  48  hours.  While  it  was  impossible  to 
follow  the  curve  exactly,  the  deviation  from  it  was  slight.  The  tem- 
perature was  measured  by  placing  the  pyrometer  tube  in  direct  contact 
with  the  rods  about  2"  (=5  cm.)  from  one  end.  The  uniformity  of 
temperature  in  the  container  was  tested  once  for  all  by  means  of  Soger 
cones  placed  at  regular  intervals  along  the  rod  with  their  apexes  touching 
the  rod.  No  marked  difference  could  be  detected.  Below  200°  C.  the 
rods  were  allowed  to  cool  without  supervision,  but  they  were  not  removed 
from  the  container  until  cool  enough  to  handle  with  the  hands. 

The  quenching  was  done  by  placing  the  test-pieces  in  a  container, 
Q,  Fig.  62.  This  was  filled  with  magnesia  and  moistened  with  alcohol. 
A  loose  fitting  iron  stopper  was  placed  at  one  end.  At  the  desired  tem- 
perature the  container  was  removed  from  the  furnace,  tipped  up  and 
the  contents  plunged  into  the  quenching  bath  by  means  of  a  sharp  blow 
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from  a  hammer  on  the  top  of  the  container.  The  quenching  bath  used 
consisted  of  iced  brine  at  — 21°  C.  In  one  case  liquid  air  was  used,  but 
then  the  magnesia  was  omitted. 

17.  Magnetic  Tests. — After  each  heat  treatment  the  rods  were 
tested  magnetically  and  electrically.  The  magnetic  test  consisted  in 
determining  the  magnetization  curve  up  to  H  =  150  or  200  gilberts 
per  cm.  and  the  hysteresis  loops  for  Bmax  =  10,000  and  usually  for 
Bmax  =a  15,000.  Points  on  the  magnetization  curve  were  determined  by 
the  method  of  reversal,  the  details  of  which  are  given  in  Appendix  IV. 
The  hysteresis  loop  was  determined  by  changing  from  Hmax  to  the 
particular  value  of  H  wanted,  and  noting  the  deflection  of  the  flux- 
meter  corresponding  to  this  change.  Thus,  by  using  the  maximum 
values  of  H  and  B  as  the  basis,  the  magnetic  viscosity  does  not  affect 
the  results.  Unless  very  high  values  of  H  are  used,  this  method  appears 
to  the  author  to  be  preferable  to  the  one  suggested  by  Taylor*,  in  which 
the  retentivity  point  is  used  as  the  basis.  For  further  details  the  reader 
is  referred  to  Appendix  IV. 

18.  Metallurgical  Analyses. — As  mentioned  above,  a  small  speci- 
men for  studying  the  microstructure  was  prepared  from  each  rod  as 
forged,  and  these  specimens  accompanied  the  magnetic  rods  wherever 
they  went.  Photomicrographs  were  obtained  after  the  various  treatments 
for  nearly  all  the  different  rods.  For  this  work  an  inverted  metallurgical 
microscope  was  used,  constructed  by  Ernst  Leitz  of  Wetzlar.  Great  care 
had  to  be  used  in  polishing  the  specimens  on  account  of  their  softness. 
The  etching  was  done  altogether  by  picric  acid. 

The  second  metallurgical  specimen  was  used  for  the  critical  tem- 
perature determinations.  This  was  done  by  placing  the  specimen  in  a 
%"  (1.25  cm.)  "Electroquartz"  pyrometer  tube  with  the  hot  junction 
of  the  pyrometer  inserted  in  the  small  hole  made  in  one  end  of  the 
specimen.  The  tube  was  partly  filled  with  fused  magnesia  and  placed 
in  the  Hoskins  muffle  furnace  with  the  end  at  the  middle  of  the  furnace. 
The  temperature  was  gradually  raised  to  about  1,000°  C,  the  current 
cut  off,  and  the  furnace  allowed  to  cool  naturally,  while  the  time  interval 
for  each  10°  C.  was  obtained  by  means  of  two  stop-watches.  From  the 
data  thus  obtained  three  different  curves  were  plotted  for  each 
specimen,  namely: 

1.  The  temperature-time  curve,  using  temperature  as  abscissa  and 
time  as  ordinate. 
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2.  The  temperature-rate  curve,  using  temperature  as  abscissa  and 
number  of  degrees  fall  in  temperature  per  minute  as  ordinate. 

3.  The  inverse  rate  curve,  using  temperature  as  abscissa  and  num- 
ber of  seconds  per  degree  fall  in  temperature  as  ordinate. 

From  these  curves  the  critical  temperatures  can  readily  be  located. 

While  this  method  is  not  as  accurate  as  the  differential  method  by 
means  of  three  thermocouples,  it  serves  as  a  check  upon  the  other  deter- 
minations made  in  the  course  of  the  investigation. 

19.  Mechanical  Tests. — As  only  two  mechanical  test-pieces  could 
be  obtained  from  each  rod  it  was  possible  to  use  only  a  few  different 
treatments  in  order  to  secure  data  that  could  be  compared.  The  fol- 
lowing treatments  were  used: 

1.  As  forged. 

2.  Annealed  at  900°  C.  and  cooled  in  12  or  24  hours. 

3.  Quenched  in  brine  from  1,000°  C. 

4.  One  test-piece  was  quenched  in  liquid  air  from  1,000°  C. 
The  tests  were  made  on  an  Olsen  10,000-pound  testing  machine. 

The  load  was  applied  very  slowly  and  uniformly  by  means  of  an  electric 
motor.  In  most  cases  the  elastic  limit  was  very  definite,  and  the  stress 
for  this  point  was  obtained  whenever  it  was  sufficiently  pronounced. 
The  elongation  was  also  measured  in  a  large  number  of  cases  as  soon 
as  the  ultimate  stress  had  been  reached. 

20.  Chemical  Analyses. — From  the  chemical  analysis  of  the  Swed- 
ish charcoal  iron  and  the  doubly  refined  electrolytic  iron  it  is  seen  that 
the  only  measurable  impurities  in  the  latter  are  carbon  and  silicon.  As 
these  are  the  only  impurities  that  are  liable  to  be  affected  during  the 
processes  described,  it  seemed  superfluous  to  analyze  for  anything  except 
carbon  and  silicon.  A  few  analyses  were  made  for  sulphur,  but  only 
traces  could  be  found.  A  large  number  of  carbon  analyses  were  made. 
Considerable  difficulty  was  had  at  first  in  making  these  analyses  on 
account  of  the  small  quantities  present.  Finally  a  direct  combustion 
furnace  was  purchased  for  these  tests,  and  consistent  results  have  since 
been  obtained.  It  was  found  necessary  with  this  method  to  clean  the 
samples  thoroughly  with  ether  before  making  the  analyses  in  order  to 
remove  any  trace  of  oil  with  which  they  might  have  become  contaminated 
in  the  process  of  preparation.  Although  special  precautions  were  taken 
to  prevent  such  contamination,  the  analyses  showed  that  as  much  as 
0.02  per  cent  carbon  was  removed  by  cleaning  the  shavings  with  ether. 


22  ILLINOIS  ENGINEERING  EXPERIMENT  STATION 

IV.    Eesults. 

In  presenting  the  results  of  the  investigation  it  has  seemed  desir- 
able to  divide  the  rods  into  a  number  of  natural  groups. 

Group  1  includes  the  rods  obtained  from  electrolytic  iron  melted  in 
the  resistance  furnace  under  atmospheric  pressure  and  is  represented  by 
rods  Nos.  3-13,  3-15,  3-17,  3-18,  3-19,  3-20  and  3-25. 

Group  2  includes  rods  obtained  from  electrolytic  iron  melted  in 
vacuo  and  is  represented  by  rods  Nos.  3-34,  3-36,  3-37  and  3-38.  After 
being  forged  these  rods  were  reheated  to  forging  temperature  and  cooled 
in  air.  The  temperature  was  not  measured  with  a  pyrometer  but  esti- 
mated from  the  color  to  be  between  1,000  and  1,100°  C. 

Group  3  includes  rods  obtained  from  electrolytic  iron  melted  in 
vacuo  and  is  represented  by  rods  Nos.  3-40,  3-41,  3-43,  3-45  and  3-47. 
These  rods  were  not  at  any  time  after  being  forged  heated  to  a  higher 
temperature  than  about  900°  C.  They  were  annealed  three  times  at 
900°  C.  with  different  cooling  rates,  in  company  with  the  three  rods 
from  Group  5  containing  various  percentages  of  carbon.  The  results 
show  possible  contamination  from  contact  with  these  rods. 

Group  4  includes  rods  obtained  from  electrolytic  iron  melted  in 
vacuo  and  is  represented  by  rods  No.  3-48,  3-49  and  3-50.  These  rods 
were  first  annealed  twice  at  slightly  above  900°  C,  then  annealed  at 
1,080°  C.  and  cooled  in  about  6*  hours,  and  finally  annealed  at  900°  C. 
and  cooled  in  24  hours. 

Group  5  includes  the  rods  obtained  from  electrolytic  iron  melted 
in  vacuo  with  different  percentages  of  carbon  added  and  is  represented 
by  rods  Nos.  3C01,  3C02,  3C03,  the  amount  of  carbon  added  being 
0.05  per  cent,  0.10  per  cent  and  0.50  per  cent,  respectively.  The  rods 
were  annealed  together  with  the  rods  representing  Group  3,  as  mentioned 
above. 

Besides  the  rods  included  in  the  above  five  groups  the  following 
single  rods  were  tested :  liods  Nos.  3-39  and  3-31  were  used  separately 
for  the  preliminary  lest  in  the  attempts  to  ascertain  the  most  favorable 
annealing  temperature.  Rods  SYY 1-4  and  NTo.  L-21  were  used  to  ascer- 
tain the  effect  of  remelting  Swedish  charcoal  iron  in  vacuo.  SWI-l 
was  cut  from  a  plate  n(  Swedish  iron  %"X6"X12"  (1.25X15X30 
cm.)  and  machined  into  a  magnetic  tesl  rod  directly.  The  iron  for  No. 
1-21  was  cut  from  the  same  plate  as  SWI-l  and  directly  next  to  it  and 
was  melted  in  the  vacuum  furnace.    After  forging  and  turning,  the  two 


YENSEN MAGNETIC  PROPERTIES  OF  IRON  MELTED  IN  VACUO 


23 


Table  4. 

GROUP  1:      Electrolytic  Iron  Melted  in  Resistance  Furnace 

under  Atmospheric  Pressure.    Crucibles  Buried  in 

Crushed  Graphite. 


% 
Carbon 
as  per 
Chem. 
Analy- 
sis 

Heat  Treatment 

Values  of  B  in  Gausses  for 

Spec. 

Rod 

No. 

Anneal- 
ing 

Temp. 
°C 

Cool- 
ing 
Curve 

Hours 
Cool- 
ing 

H  =  .5 

H  =  l 

H  =  2 

H=8 

H=20 

H 
=  100 

Elect. 

Resist. 

at  20°  C. 

microhms 

3-17 
3-19 
3-23 
3-25 

.10 
.05 
.107 

As 

Forged 

300 
200 
350 
100 

800 

450 

1,000 

300 

10.200 
9,100 

10,200 
8,200 

14,400 
14,600 
13,700 
14,100 

17,500 
17,600 
16,800 
17,500 

12.60 
13.20 
14.88 
14.70 

Avg. 

250 

640 

9,425 

14,200 

17,350 

13.85 

3-13 
3-15 
3-18 
3-20 

.105* 
.14* 

1000 

Log. 

About  J 
6     1 

1,200 
100 
200 

1,900 

6,300 
300 
700 

6,250 

13,700 
10,800 
11,250 
12.700 

15,250 
14,500 
14.7C0 
14,700 

17,450 
17,600 
17,500 
17,300 

13.77 
14.63 
12.50 
12.80 

Avg. 

825 

3,387 

12,125 

14,788 

17,462 

13.43 

3-13 
3-15 
3-17 
3-18 
3-19 
3-20 
3-23 
3-25 

.105* 

.100* 

.050* 
.140* 
.107* 

934 

Straight 
Line 

24 

600 

250 

500 

50 

50 

700 

400 

50 

2,700 
550 

1,750 
100 
125 

3,150 

1,500 
125 

7,900 

1,900 

6,450 

400 

400 

8,000 

6,000 

400 

14,000 
12,500 
13,600 
11,500 
10,500 
13,650 
13,000 
11,500 

15,400 
15,100 
15,200 
15,000 
14,700 
15,100 
14,700 
15,000 

17,450 
17,600 
17,500 
17,400 
17,300 
17,300 
17,100 
17,400 

13.70 
14.52 
12.55 
12.40 
13.20 
12.53 
14.65 
14.62 

Avg. 

.100 

325 

1,250 

3,930 

12,530 

15,025 

17,380 

13.52 

*  Analyzed  as  forged 

NOTE:     Magnetic  measurements  made  with  L.  &  N.  galvanometer. 


Table  5. 
Summary  of  Magnetic  and  Electric  Tests  for  Rod  No.  3-31. 


Heat  Treatment 

Values  of  B  in  Gausses  for 

Spec. 

Elect. 

Resist, 
at  20°C. 
microhms 

Ref. 

No. 

Anneal- 
ing 

Temp. 
°C. 

Cooling 
Curve 

Hours 
Cooling 

from 
Max.  to 

H  =  l 

H=2 

H  =  8 

H=20 

H=100 

200  °C. 

A 

As  Forg 

ed 

4,250 

11,500 

14,850 

17,500 

9.98 

B 

532 

Natural 

ab*t  3 

1,750 

5,100 

12,700 

15,300 

17,500 

9.96 

C 

700 

" 

"      4 

3,300 

8,250 

14,200 

15,500 

17,500 

9.96 

D 

800 

" 

"      5 

4,900 

10,400 

14.600 

15,600 

17,600 

9.90 

e 

900 

" 

"      6 

6,100 

10,600 

14,800 

15.600 

17,600 

9.93 

f 

950 

" 

"      6* 

7.800 

12,350 

15,000 

15,700 

17,600 

10.04 

G 

1.000 

•' 

..      7 

7,000 

10,900 

15,000 

15,800 

17,600 

H 

900 

" 

•*      6 

7,600 

11,500 

15,200 

15,750 

17,750 

J 

900 

Logarith. 

24 

9,000 

12,900 

15,250 

16,000 

17,800 

Ki 

K2 

[  900 

Str.  Line 

«j 

10,100 
9.770* 

13,000 
12,400* 

15,400 
15,600* 

16,000 
16,200* 

17,800 
17,900* 

[  10.03 

*  As  measured  with  Grassot  fluxmeter 
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Table  6. 
Summary  of  Magnetic  and  Electric  Tests  for  Rod  No.  3-39. 


Heat  Treatment 

Values  of  B  in  Gausses  for 

Spec. 

Elect. 

Ref. 

No. 

Anneal- 
ing 

Temp. 
°C. 

Cooling 
Curve 

Hours 
Cooling 

from 
Max.  to 

H  =  l 

H  =  2 

H  =  8 

H=20 

H  =  100 

Resist,  at 

20°  C. 
microhms 

20PC. 

A 

As  Forg 

ed 

550 

2,300 

10,000 

14,500 

18,100 

9.78 

B 

680 

Natural 

ab't  4 

3,700 

9,900 

15,600 

16,300 

18,100 

9.85 

C 

800 

"     5 

8,800 

14,400 

15,900 

16,400 

18,100 

9.95 

D 

900 

" 

"     6 

9,400 

14,500 

15,900 

16,400 

18,100 

E 

950 

"     6^ 

8,100 

11,900 

15,800 

16,400 

18,100 

F 

1,000 

" 

"     7 

10,500 

14,500 

15,600 

16,200 

18,000 

G 

1,060 

" 

"     7 

9,650 

14,500 

15,500 

16,100 

17.900 

10.00 

H 

912 

" 

"     6 

10,650 

14,600 

15,500 

16,100 

18,000 

9.83 

J 

800 

" 

"     5 

8,600 

12,400 

15,500 

16,100 

17,900 

9.87 

K 

700 

" 

"     4 

9,900 

14,200 

15,500 

16,100 

17,700 

9.87 

L 

616 

" 

•'     3| 

11,000 

14,500 

15,500 

16,100 

17.800 

M 

500 

*' 

"     3 

10,800 

14,500 

15.500 

16,100 

17.800 

9.87 

N 

1,000 

Cooled 
in  brine 

ab't 
1  min. 

6,400 

10,200 

15,100 

15,800 

17,900 

10.10 

0 

1,000 

Q'nch'd 

1,000 

2,600 

7,900 

12,200 

17,500 

10.15 

p 

644 

Natural 

ab't  4 

2,000 

7,600 

14,700 

15,950 

17.900 

Q 

900 

•« 

"     6 

7,500 

13,000 

15,200 

15.900 

17,700 

R 

900 

Logarith. 

24 

9,900 

13,800 

15,400 

16,000 

17,800 

Si 

}     900 

Straight 

•{ 

10,500 

13,600 

15,400 

16,000 

17,900 

\  9.96 

S2 

Line 

12,100* 

14,400* 

15,500* 

16,200* 

17,900* 

*As  measured  with  Grassot  fluxmeter. 

Table  7. 
Group  2:     Electrolytic  Iron  Melted  in  Vacuo. 


6 

S3 

a 
J 

o 

Us 

I1 

3 

Heat  Treatment 

Values  of  B  in  Gausses 
for 

Hysteresis 
Loss.  Ergs  per 
c.c.  per  cycle 

Is 

1 
£ 
pq 

o§ 

Si 

1 
3 

wo 

CO 

O 

E 

r- 

5 

id 

s  s 

a  <o 

Cooling 
Curve 

Hrs.  Cooling  from 
900  to  200  °C 

H=.5 

H=l 

H    2 

H=8 

H    20 

H 
=100 

fflll 

gtf£ 

I. 

3-34 
3-36 
3-37 
3-38 

.009 
.015 
.045 
.010 

.9   D. 

£?a 

m 

1,900 

6,200 
6,550 
10,000 

14,000 
14,000 
15,000 

15,650 
15,600 
15,900 

17,800 
17,800 
17,800 

3,360 
3,710 
2,000 

1.40    9.500 

1.70  10,000 

.90  10,100 

10.33 
10.39 
10.00 

m 

'.XT. 

Avg. 

.0198 

7,600 

14,330 

15,716 

17,800 

3,020 

1.33     9,900 

10.24 

PJQ 

II. 

3-34 
3-36 
3-37 
3-38 

902 

Log. 

24 

3,600 
2,600 
1.850 
4,000 

9,400 
6,900 
6.000 
9,100 

12,700 
10,500 
9,900 
12,300 

15.200 
14.800 
14,900 
15,500 

16,100 
15,850 
15,900 
16,050 

17,800 
17,700 
17,800 
17,700 

1,560 
1.530 

10.28 
10  28 
10  38 
9.99 

Avg. 

3,010 

7,850 

11,230 

15,100 

15,980 

17,750 

10.23 

Ill 

3-34 
3-36 
3-37 
3-38 

914 

'3  a 

S3 

48 

7,800 
5,960 
4,000 
9,400 

11,400 
9,640 
7,400 

12,500 

13.900 
12,500 
10,300 

14,400 

15,700 
15,500 
14,800 
15,700 

16,100 
16,100 
15,750 
16,100 

18,000 
18,000 

17.7(10 
17,700 

895 
963 

1,256 

813 

1,600 
1330 
2,000* 

1,640 

.30 
.33 
.40* 
.29 

10,600 
9.000 

g.ooo* 

12,100 

10.20 
10  16 
10.30 
10.00 

Avg. 

8300 

10,235 

12,750 

15,425 

16,010 

17,850 

979 

1,770 

33 

10,300 

10.16 

NOTE — Magnetic  measurements  for  I  and  II  were  made  with  L.  A  N.  galvanometer. 

Magnetic  meamremeota  for  III  were  madejwith  Grassot  fluxmeter. 
'Estimated  by  comparison  with  3  36. 
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rods  were  treated  exactly  alike.  Eod  No.  3-30  was  made  from  elec- 
trolytic iron  and  melted  in  vacuo.  It  was  given  only  one  heat  treat- 
ment, namely,  annealed  at  900°  C.  and  cooled  from  900  to  200°  C. 
in  48  hours. 

For  the  sake  of  comparison  the  results  obtained  with  two  sets  of 
rods  made  from  commercial  iron  are  included  in  the  final  summary.  One 
set  of  rods  was  made  from  a  bar  of  silicon  alloy  steel,  containing  about 
4  per  cent  silicon,  while  the  other  set  of  rods  was  made  from  bars  such 
as  are  usually  rolled  into  standard  electrical  sheets.  The  latter  is 
material  of  commercially  high  permeability  and  is  practically  free  from 
silicon.  Both  sets  were  prepared  by  the  manufacturer  and  given  their 
standard  anneal. 

Table  8. 

Group  3:    Electrolytic  Iron  Melted  in  Vacuo. 
Annealed  with  Group  5. 


a* 

a 

Heat  Treatment 

Values  of  B  in  Gausses 

Hysteresis 
Loss.  Ergs  per 

H 

*3 
P 

21 

h 

.0 

0. 

03 

b 

o 

for 

c.  c.  per  cycle 

<S° 

03 

co 

1 

^3 

a 

v  O. 
|§ 

1? 

Id 

MO 

ao 

J* 

2§ 

K05 

H=.5 

H-1 

H=2 

H=8 

H=20 

H 
-100 

So 

ffl  II 

gi 

Bus 

m7\ 

£t 

fa 

it 

lit 

a 

i 

s 

m 

< 

I 
1 

1 

s 

3-40 

.0110 

| 

r 

900 

4,400 

11,000 

14,900 

17,900 

4,500 

9.78 

895 

3-41 

.0095 

900 

3,900 

11,500 

15,100 

18,200 

4,520 

10.00 

S95 

1. 

3-43 

.0096 

A3 

forg 

ed 

550 

2,800 

9,750 

14,200 

17,900 

5,620 

9.90 

895 

3-45 

.0080 

2,000 

5,600 

12,400 

15,900 

18,100 

1,830 

9.86 

S95 

3-47 

.0080 

J 

1,900 

5,200 

12,300 

15,700 

18,200 

1,570 

10.10 
9.93 
9.70 

900 

Avg. 

.0092 

1,250 

4,380 

11,400 

15,150 

18,050 

3,690 

896 

3-40 

] 

f 

4,000 

11,500 

14,100 

15,400 

16,000 

17,900 

1,080 

3-41 

3,550 

8,300 

12,200 

15,600 

16,200 

18,000 

1,490 

9.93 

11. 

3-43 

902 

fa 

12  1 

3,100 

8,100 

12,300 

15,750 

16,500 

18,100 

9.77 

3-45 

£h3 

2,900 

10,500 

14,000 

16,100 

16,650 

18,500 

1,250 

9.76 

3-47 

J 

1 

2,950 

8,300 

11,900 

15,700 

16,550 

18,200 

9.96 
9.82 
9.64 

Avg. 

3,300 

9,350 

12,900 

15,710 

16,380 

18,100 

3-40 

] 

4,000 

10,500 

14,000 

15,400 

16,000 

17,800 

ii-4l 

ft» 

4,400 

8,900 

11,950 

15,600 

16,300 

18,000 

1,300 

10.01 

111. 

3-43 

909 

24 

4,800 

8,900 

13,100 

15,850 

16,500 

18,100 

9.86 

3-45 

2,950 

8,600 

13,600 

16,100 

16,700 

18,500 

9.86 

3-47 

J 

5,000 

11,100 

14,350 

15,750 

16,550 

18,200 

990 

1,930 

10.02 
9.88 
9.70 

Avg. 

4,030 

9,600 

13,400 

15,740 

16,410 

18,120 

3-40 

1 

f 

4,800 

8,850 

11,700 

15,300 

16,000 

17,700 

1,240 

2,500 

.36 

10,100 

3-41 

5,560 

8,620 

11,300 

15,500 

16,200 

18,000 

1,155 

2,180* 

.40* 

10,000* 

10.00 

IV. 

3-43 

903 

■STs 

48 

6,330 

9,850 

13,000 

16,000 

16,500 

18,150 

1,165 

2,180 

.40 

10,200 

9.85 

3-45 

j3>-3 

4,300 

8200 

12,000 

16,250 

16,800 

18,450 

1,470 

2,640 

.40 

10,600 

9.87 

3-47 

J 

1 

4,600 

8,450 

11,900 

15,800 

16,500 

18,100 

1,190 

2,120 

.35 

9,000 

10.05 
9.89 

Avg. 

5,120 

8,790 

11,980 

15,770 

16,400 

18,080 

1,242 

2,324 

.38 

9,980 

NOTE— Magnetic  measurements  for  I,  II  and  III  made  with  L.  &  N.  galvanometer. 

Magnetic  measurements  for  IV  were  made  with  Grassot  fluxmeter. 
'Estimated  by  comparison  with  3-43. 
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The  results  of  the  tests  are  shown  in  the  tables  and  curves. 
Tables  4,  7,  8,  9  and  10  give  the  results  for  the  five  groups  of 
rods  mentioned  above.  Table  5  gives  a  summary  of  the  results 
for  rod  No.  3-31  after  the  various  heat  treatments.  Table  6  gives  the 
same  for  rod  No.  3-39,  but  the  heat  treatments  have  been  carried 
further  for  this  rod  than  for  No.  3-31.  The  results  for  No.  3-39  are  also 
shown  graphically  in  Fig.  3.  Table  11  is  a  summary  of  the  results  for 
all  the  electrolytic  iron  rods  melted  in  vacuo.  Table  12  gives  the  final 
summary  for  all  rods  tested.  Finally,  Table  13  gives  a  summary  of 
the  results  of  the  mechanical  tests.  Due  to  an  oversight  the  rods  of 
Groups  3  and  5  were  annealed  together.  The  results  obtained  were 
rather  unusual  and  are,  therefore,  shown  graphically  in  Fig.  4  for  H=l. 

Table  9. 
Group  4:     Electrolytic  Iron  Melted  in  Vacuo. 


6 

1 

a 
J 
o 

J 

Heat  Treatment 

Values  of  B  in  Gausses 
for 

Hysteresis 
Loss.  Ergs  per 
c.c.  per  cycle 

13 

fe  II 

>  * 

V 

3 

5 

m 

it 

a 
1 

•8 

11 

i§ 

So 

So 

CO 

d 

0 

S  d 

§  a 

a  . 

op 

fS 

2  0 

H=.5 

H     1 

H=2 

H=8 

H    20 

H 

-100 

=  0 

iS 
=  10 

< 

i 

1 
1 

I. 

3-48 '.0080 
3-49  .0120 
3-50  r  0099 

As 

forg 

-1 

650 

650 

1,400 

3,400 
3.050 
4,600 

10,500 
10,300 
11,400 

15,000 
14,950 
15,200 

18,500 
18,500 
18,100 

4,550 
4,550 
3,380 

Avg. 

.0099 

1 

900 

3,680 

10,730 

15,050 

18,370 

4.160 

II. 

3-48 
3-49 
3-50 

[925 

Is 

f    6,070 

24      6,500 

1    5,100 

9,750 
8,950 
9,200 

12,650 
11,500 
12,500 

16,100 
15,950 
15,900 

16,600 
16,450 
16,400 

18,300 
18,100 
18,200 

970 

994 

1,195 

1,915 
1,830 
2,060 

.35 
.31 

.37 

10,400 
8,200 
9,300 

Avg. 

5,890 

9,300 

12,220 

15,980 

16,480 

1S,200 

1,053 

1,935 

.34 

9,300 

III. 

3-48 
3-49 
3-50 

930 

is  3 

EG 

48 

6,400 
6,100 
5,920 

9,200 
8,700 
8,830 

11,800 
11,200 
11,500 

15,600 
15,800 
15,600 

16,300 
16,500 
16,250 

18,150 
18,200 
18,050 

955 
902 
995 

1.850 
1,710 
1,940 

.29 
.31 
.30 

9,300 
8,100 
9.000 

9  70 
9.80 
9.70? 

Avg. 

6,140 

8,910 

11,500 

15,670 

16,350 

18,130 

951 

1,830 

.30 

8,800 

9.77 

IV. 

3-48 
3-49 
3-50 

1080 

Log. 

6 

5,200 
5,500 
5,250 

8,500 
8,800 
8,500 

11,500 
11,700 
11,700 

15,100 
15,100 
15,100 

15,850 
15,850 
15,700 

17,600 
17,600 
17,400 

10.20 
10  M 
10.20 

Avg. 

5,320 

8,600 

11,630 

15,100 

15.S00 

17,530 

10.15 

V. 

3-48 
3-49 
3-50 

1 918 

Is 

24 

5,760 
5,810 
5,400 

8.620 
5),  200 
8,830 

11,100 
11,600 
11,500 

15,200 
15,150 
15,150 

15,900 
15,700 
15,900 

17,600 
17.6(H) 
17,600 

9  95 
10  00 
10.15 

Avg. 

5,660 

8,870 

11,400 

15,170 

15,830 

17,600 

10.03 

NOTE — Magnetic  measurements 
Magnetic  measurements 


I.  II,  III  and  V  were  made 
IV  were  made  with  L.  &  N. 


with  Grassot  fluxmeter. 
galvanometer. 
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Table  10. 

Group  5:     Electrolytic  Iron  with  Carbon  Added,   Melted  in 
Vacuo.     Annealed  with  Group  3. 


§ 

Heat  Treatment 

Values  of  B  in  Gausses 

Hysteresis 
Loss.  Ergs  per 

H 

4 

t« 

d 

O 

for 

c.  c.  per  cycle 

,00 

a 

a  a 

02 

6 

a  a 

o 
6S 

<DO 

h  || 

a* 

o§ 

|l! 
a 

1 

d 

a 

H 
1 

s 

mo 

2  d 

ii 

Ii 

On 

a 

£o 

"^  o 

Mo 

.s<=> 

—  CM 

a 

H=.5 

H     1 

H=2 
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«1 
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3C01 

.013 

) 

f 

400 

1,000 

2,900 

10,900 

15,000 

18,400 

5,380 

10.2 

895 

I. 

3CU2 

.012 

As 

torg 

ed 

100 

300 

1,000 

8,700 

13,800 

18,500 

8,600 

10.66 

895 

3C03 

.181 

J 

i 

25 

200 

400 

7,500 

13,100 

17,200 

11,880 

12.74 

? 

3C01 

1 

■E.2 

1,450 

5,600 

9,600 

15,650 

16,450 

18,350 

10.25 

11. 

3C02 

902 

12 

750 

5,100 

10,000 

15,300 

16,100 

18,100 

10.67 

3C03 

J 

33M 

750 

2,000 

6,300 

12,900 

14,700 

17,100 

12.6 

3C01 

1 

S    <u 

f 

3,000 

7,000 

10,500 

15,900 

16,600 

18,500 

10.25 

111. 

3CU2 

909 

24 

1,600 

6,800 

11,600 

15,500 

16,300 

18,100 

10.7 

3C03 

J 

£M 

1 

900 

3,150 

7,100 

12,900 

14,800 

17,100 

12.65 

3C01 

1 

•s,« 

f 

3,625 

8,000 

11,800 

16,100 

16,900 

18,500 

1,405 

2,300'      .40 

10,000 

10.24 

IV. 

3CU2 

903 

48 

1,840 

7,750 

11,600 

15,500 

16,200 

18,000 

1,710 

3,190      .50 

10,700 

10.64 

3C03 

J 

a-1 

870 

4,140 

7,800 

13,550 

15,100 

17,200 

1,910 

1 

12.4 

NOTE — 1 .  Magnetic  measurements  for  I,  II,  and  III  were  made  with  L.  &  N.  galvanometer. 
Magnetic  measurements  for  IV  were  made  with  Grassot  fluxmeter. 
2.  Carbon  added  as  follows:  3C01— .05%  added. 
3C02-.  10%  added. 
3C03-.  50%  added. 


Table  11. 
Electrolytic  Iron  Melted  in  Vacuo 


and  4  and  Rods  3-30, 


Summary  of  Groups  2,  3 
3-31  and  3-39. 


1 

6 

a 

Heat  Treatment 

Values  of  B  in  Gausses 

Hysteresis 
Loss.  Ergs  per 
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"5 

d 

i 

« 

o 
o. 

g 
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ft.  2 

6 

for 

c.  c.  per  cycle 

£8 
IS- 

O  *-" 

fe  II 
6« 

a 

pq 

in 

tfa 

HO 

& 

CO 

f 

1 

Q, 

s 

1 

*o 
1 

mo 

.3  o 

id 
JS 

Ma 

a 

So 

bCO 

so 

—  CI 

a* 
I1 

H=.5 

HI     H=2 

H    8 

H=20 

H 

-=100 

.11 

pqf 

"7 

.2 

4 

Gr.21 

1 
1 

. 

1 

1 

890 

5 

Gr.3  .0092 

1,250    4,380 

11,400  15,150 

18,050 

3,690 

9.93 

896 

3 

Gr.4  .0099 

[  As 

forg 

ed 

900 !  3,680 

10,730  15,050 

18.37C 

4,160 

9.80 

1 

3-31  .0120 

1,200?  1   4,250 

11,500  14,850 

17,500 

4,600 

1.80 

7,700 

9.98 

885 

1 

3-39  .0110 

J 

1 

550    2,300 

10,000  14,400 

18,100 

5,460 

1.80 

7,000 

9.78 

905 

Avg.  for 

| 

lOrds. 

.0100 

1,070 

3,950 

11,070 1 15,015 

18,100 

4,090 

9.88 

894 

4 

Gr.2 

.0198 

914 

Birr. 

Line 

48  6,800 

10,230 

12,750 

15,425 

16,010 

17,850 

978 

1,770 

.33 

10,300 

10.16 

5 

Gr.3 

.0092 

903    " 

48  5,120 

8,790 

11,900 

15,770 

16,400 

18,080 

1,242 

2,324 

.38 

9,980 

9.89 

3 

Gr.4 

.0099 

930    " 

48  6,140 

8,910 

11,500 

15,670 

16,350 

18,130 

951 

1,830 

.30 

8,800 

9.77 

1 

3-30 

.0090 

914    " 

48 

5,500 

8,880 

11,600 

15,200 

15,800 

17,700 

9.94 

1 

3-31 

.0120 

900    " 

48 

6,580 

9,770 

12,400 

15,600 

16,200 

17,900 

980 

1,760 

.32 

9,100 

10.03 

1 

3-39 

.0110 

900    ■ 

48 

8,050 

12,100 

14,400 

15,500 

16,200 

17,900 

880 

1,860 

.32 

12,600 

9.95 

Avg.  for 

15rda. 

.0125 

6,090 

9,500 

12,350 

15,590 

16,200 

17,950 

1,060 

1,990 

.34 

9,940 

9.96 

*Analyied  as  forged. 
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Fig.  5  shows  the  magnetization  curves  for  the  iron-carbon  alloys  melted 
in  vacuo,  while  Fig.  6  gives  the  average  magnetization  curves  for  the 
rest  of  the  rods.  Fig.  7  shows  the  magnetization  curves  for  the  average 
and  best  electrolytic  iron  rods  melted  in  vacuo,  and  Fig.  8  the  hysteresis 
loops  and  permeability  curve  for  the  best  rod  obtained,  namely,  No.  3-38. 
Fig.  9  shows  the  corresponding  curves  for  No.  3-34.  While  cooling  curves 
were  obtained  for  all  the  rods,  only  the  one  for  No.  3-43  is  included  here ; 
this  is  shown  in  Fig.  10.  It  was  thought  that  it  might  be  of  interest  to 
see  some  of  the  mechanical  test-pieces  after  being  tested;  consequently,  a 
few  of  these  are  exhibited  in  Fig.  11  together  with  a  sample  test-piece 
that  has  not  been  broken.  In  this  figure  the  distance  between  the  vertical 
lines  is  1  in.  (2.54  cm). 


Table  12. 
Summary  of  Results 

Rods  thoroughly  annealed  at  900°C. 


Carbon 

Hysteresis  Loss. 

Coer- 

£   ■ 

Ok 

S 

B 

as  per 

Flux 

Ergs  per  c.c. 

cive 

Reten- 

^O 

Rod 
No. 

Descrip- 

Furnace 

Chem- 

Max. 
Perme- 
ability 

Density 

per  cycle 

Force 

tivity 

8®  c 

H 

tion 
of  Iron 

Used  for 
Melting 

ical 
Anal- 

for 
Max. 

for 
B  max 

for 

B  max 

.  ra  O 

1»6 

ysis 

Perme- 

B max 

B  max 

=  15,000 

=  15,000 

a>  +i  <-> 

■e  ■- 

% 

ability 

=  10,000 

=  15.000 

to'S  6 

u< 

3-38 

Electrolytic 

Vacuum 

.0104 

19,000 

9,500 

813 

1.640 

.29 

12,100 

10.00 

905 

3-39 

" 

'* 

.0110 

16,500 

8,500 

880 

1.860 

.32 

12,600 

9.95 

905 

3-34 

•  • 

«• 

.0090 

16,000 

6,500 

895 

1.600 

.30 

10.600 

10.20 

895 

3-49 

«• 

" 

.0120 

15,400 

5,000 

902 

1.710 

.31 

8.100 

9.90 

3-31 

" 

.0120 

13,100 

6,200 

980 

1.760 

.32 

9.100 

10.03 

885 

3-43 

" 

.0190 

12,900 

5,500 

1.165 

2,180 

.40 

10.200 

9.85 

895 

3-48 

" 

.0080 

12,600 

5,500 

955 

1.850 

.29 

9.300 

9.70 

3-36 

" 

.0150 

12,250 

6,000 

953 

1,830 

.33 

9,000 

10.16 

875 

3-40 

" 

.0110 

12,000 

9.000 

1.240 

2,500 

.36 

10,100 

9.70 

895 

3-47 

" 

.0080 

11,900 

8,000 

1.190 

2.120 

.35 

9.000 

10.05 

900 

3-50 

" 

.0099 

11,600 

5,000 

995 

1.940 

.30 

9.000 

9.70 

3-41 

" 

.0095 

1 1 ,250 

4,500 

1,155 

2,180 

.40 

10.000 

10.00 

895 

3-30 

" 

.  0090 

11,050 

5,500 

9.94 

3-45 

" 

" 

.0080 

10,500 

9,000 

1.470 

2,640 

.40 

10.600 

9.87 

895 

3-37 

" 

" 

.0450 

8,050 

4.500 

1.255 

2,000 

.40 

9.500 

10.30 

885 

Avg. 

" 

•• 

.0125 

12,950 

6.550 

1.060 

1.990 

.34 

9.940 

9.96 

894 

Avg.  fox 

Iron  melted  in 

Resist. 

Furnace 

.1000 

1 ,965 

3.930 

13  53 

3C01 

.05%C.ad'd|  Vacuum 

.0130 

8.800 

6,000 

1,405 

2,300 

.40 

10.000 

10.24 

3C02 

.10%  C.  "           " 

.0120 

7.600 

7.000 

1,710 

3,190 

.50 

10.700 

10  64 

3C03 

.50%  C.   "|        " 

.1810 

4,400 

5.500 

1.910 

12.40 

1-21 

S\v.  Chare.  Iron 

remlt'd  in  Vacuo 

.0080 

10,350 

7.000 

1 ,290 

2,640 

18 

11.200 

10.30 

(  otnmcrcial Grades 

SwI-4 

Sw.  Chare.  Iron 

cut  from  Plate 

.1030 

1,870 

6.600 

2, 190 

4.530 

.95 

S.000 

10.57 

G  1&2 

Standard  Trans- 

former Steel* 

8,860 

7.000 

3.320 

5,910 

l   33 

9,900 

11.09 

H1&2 

4%  Bilioon  steel* 

3,400 

2.260 

3,030 

88 

5,400    ."'1   15 

*  Received  manufacturer 'a  standard  anneal. 
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Fig.  4.    Electrolytic  Iron  Annealed  at  900°  C.  in  Contact  with  Rods  Con- 
taining Carbon. 
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Fig.  5.     Electrolytic  Iron  Melted  in  VAcua     Effect  of  Carbon.     Annealed 

at  900°   C. 
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Fig.  6.    Magnetization  Curves  for  Different  Grades  of  Iron. 
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Fig.  8.    Electrolytic  Iron  Melted  in  Vacuo.    Annealed  at  900°  C.    Cooled  in 
48  Hours.    Rod  No.  3-38. 
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Fig.  9.    Electrolytic  Iron  Melted  in  Vacuo.    Annealed  at  900°  C.     Cooled 
in  48  Hours.     Rod  No.  3-34. 
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As  already  mentioned,  photomicrographs  were  obtained  for  nearly  all 
rods  after  each  heat  treatment.  Only  a  few  of  these  will  be  exhibited 
here.  Figs.  19-30  show  the  complete  series  for  rod  No.  3-39,  as  this  rod 
was  given  a  larger  variety  of  heat  treatments  than  any  other  rod.  This 
series  may  be  studied  to  advantage  together  with  Table  6  and  Fig.  3. 
Besides  these  photomicrographs  for  No.  3-39  a  few  for  some  of  the  other 
electrolytic  iron  rods  melted  in  vacuo  are  shown.  To  show  the  effect  of 
carbon  there  has  been  included  an  exhibit  of  the  three  iron-carbon  alloys 
No.  3C01,  No.  3C02,  and  No.  3C03.  The  difference  between  SWI-4  and 
No.  1-21,  one  being  Swedish  iron  cut  from  the  plate  and  the  other  after 
being  melted  in  vacuo,  is  clearly  shown  in  Figs.  43-45.  Fig.  46  shows 
the  structure  of  the  electrolytic  iron  melted  in  the  resistance  furnace 
under  atmospheric  pressure. 

V.     Discussion  of  Results. 

The  results  obtained  may  perhaps  best  be  discussed  by  considering 
frrst  the  equilibrium  diagram  for  iron-carbon  alloys.  Fig.  12  shows  this 
diagram  as  represented  by  Rozenhain.  This  diagram  should  probably 
be  modified  somewhat  in  view  of  the  recent  researches  upon  the  critical 
temperatures  for  pure  iron.  It  has  been  shown  for  instance  by  Burgess 
and  Crowe501  in  a  bulletin  just  issued  by  the  Bureau  of  Standards  that 
the  point  F,  usually  called  Ar2,  for  pure  iron  is  768°  C.  Furthermore, 
it  has  been  shown  conclusively  that  the  temperature  at  which  pure  iron 
changes  from  a  ferromagnetic  to  a  paramagnetic  substance,  or  vice  versa, 
is  785°  C,  thus  showing  that  these  two  transformation  points  do  not 
coincide. 

Only  that  part  of  the  diagram  lying  to  the  left  of  "I"  will  be  con- 
sidered here.  From  this  diagram  it  is  seen  that  after  the  iron  has  passed 
from  the  liquid  slate  it  exists  in  the  form  of  a  solid  solution  of  iron  and 
carbon,  caller!  austenite.  When  this  solution  cools  ii  eventually  reaches 
the  line  F-C-T,  where  ferrite  crystals  begin  to  he  precipitated.  Upon 
further  cooling  the  solution,  now  enriched  in  carbon,  passes  downwards 
towards  the  right  following  F-CJ-T,  more  and  more  ferrite  being  pre- 
cipitated. Finally,  upon  reaching  the  point  T,  the  part  of  the  solution 
still  remaining,  containing  now  0.9  per  cent  carbon,  is  decomposed  into 
cementite  (Fe8C)  and  ferrite,  and  the  resulting  mixture  is  called  pearlite. 
At  this  temperature  the  iron  consequently  consists  of  pure  ferrite  crystals 
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with  the  spaces  between  the  crystals  filled  up  with  a  mixture  of  ferrite 
and  cementite.  One  generally  accepted  theory  states  that  iron  has  three 
different  allotropic  modifications,  Alpha,  Beta,  and  Gamma.  Gamma 
iron  is  stable  above  the  line  E-G-I,  Beta  iron  between  E-G  and  G-F, 
and  Alpha  iron  below  G-F.  It  has  been  shown  that  iron  in  the  Beta 
and  Gamma  modifications  is  weakly  paramagnetic,*  while  Alpha  iron 


o 

i    10 

% 

\  V 

\  <9 
/ 

fir, 
6 


-TSoJ/d 

Solution 
-(  flus/en/fe) 


Ce/7?e/7f/fe  (fe^  c) 
prec/p/fafe$         j 

YSohdSo/ation 
+■  Cement /fe. 


W 

ferr/fe. 
-*-Peor//te~ 


Jx'%^-£(sfecfo/ct  is  a/ecomposeat 

into  Ferr/fe  &  Cement/fe  ana4  is  co/Zed 
Pear/ite' 

Cement/fe  +Peott/te 
I 


£o/ecf/c  freezes ' 


J 


o 


Z  3  4 

Carbon  -  percent 


6 


Fig.  12.    Iron-Carbon  Equilibrium  Diagram  According  to  Rozenhain. 


is  ferromagnetic.  Under  certain  conditions  Beta  and  Gamma  iron  may 
exist  to  some  extent  below  the  boundaries  given  above.  It  is  supposed, 
for  instance,  that  if  iron  be  cooled  rapidly  from  a  high  temperature, 
Gamma  and  Beta  iron  may  not  have  sufficient  time  to  change  into  Alpha 


*A  paramagnetic  substance  is  a  substance  capable  of  being  magnetized  in  the  same 
direction  as  that  of  the  magnetizing  force  applied  to  it,  in  contradistinction  to  a  diamagnetic 
substance,  which,  when  placed  in  a  magnetic  field,  is  magnetized  in  the  opposite  direction 
to  that  of  the  field.  A  ferromagnetic  substance  is  a  paramagnetic  substance  whose  per- 
meability is  of  the  same  order  as  that  of  iron  under  ordinary  conditions. 


40  ILLINOIS  ENGINEERING  EXPERIMENT  STATION 

iron.  If,  however,  such  iron  be  reheated  to  above  the  line  E-G-I  and 
slowly  cooled,  the  iron  may  ultimately  all  be  obtained  in  the  ferro- 
magnetic Alpha  modification.  This  theoiy  is  confirmed  by  the  results 
obtained  by  Hadfield  and  Hopkinson105,  who  found  that  the  "specific 
magnetism"  of  iron-carbon  alloys  is  decreased  to  a  large  but  uncertain 
extent  by  quenching  from  a  high  temperature.  Certain  elements,  carbon 
and  manganese  for  example,  when  added  to  the  iron  assist  in  retaining 
the  iron  in  the  Gamma  form.  Thus  Hadfield  obtained  an  iron-manganese 
alloy  whose  permeability  is  nearly  unity  at  ordinary  temperatures. 

Another  factor  which  may  influence  the  magnetic  properties  of  iron 
is  mechanical  strain,  due  either  to  outside  influence  or  to  rapid  cooling. 
It  is  not  definitely  known  which  is  the  more  important,  removing 
mechanical  strain,  or  changing  all  the  iron  into  Alpha  iron,  but  it  is 
certain  that  both  are  important  and  that  both  may  be  accomplished  by 
proper  annealing.  It  is  well  known  that  if  subsequent  to  annealing  the 
iron  be  mechanically  strained,  its  magnetic  quality  is  depreciated.  The 
author  noticed  this  while  measuring  a  rod  that  had  been  slightly  bent 
during  the  annealing  process.  Its  permeability  seemed,  compared  with 
previous  measurements,  to  be  unusually  low.  It  was  noticed  that  in 
clamping  it  in  the  permeameter  it  had  been  strained  to  some  extent.  It 
was  then  adjusted,  so  as  to  lessen  the  strain  as  far  as  possible,  and  the 
permeability  was  found  to  have  increased  materially.  This  fact  helped 
to  explain  some  rather  puzzling  results  obtained  in  the  course  of  the 
investigation.  It  also  showed  that,  if  the  iron  has  not  been  strained 
beyond  a  certain  point  the  effect  of  the  strain  is  only  temporary. 

With  the  above  explanations  and  facts  in  mind  the  results  given 
in  the  previous  part  of  the  bulletin  will  now  be  considered. 

It  is  at  once  apparent  from  Table  12  and  Fig.  6  that  melting 
electrolytic  iron,  or  low  carbon  iron  in  general,  in  an  atmosphere  of 
carbon  monoxide  gases  under  atmospheric  pressure  gives  the  iron  an 
opportunity  to  absorb  carbon,  the  amount  absorbed  varying  from  0.05  to 
0.15  per  cent.  This  result  is  in  agreement  with  the  experiments  of  Bur- 
gess and  Aston  referred  to  in  the  introduction.  It  is  furthermore  Been 
that  carbon  is  not  the  only  factor  that  affects  the  magnetic  properties  of 
iron.  Swedish  charcoal  iron  SW'I-1  with  a  carbon  content  of  0.163  per 
cent  and  No.  3C03,  an  electrolytic  iron-carbon  alloy  melted  in  vacuo,  with 
a.  carbon  content  of  0.181  per  cent,  both  have  a  decidedly  higher  permea- 
bility than  the  electrolytic  iron  melted  in  the  resistance  furnace,  although 
the  latter  has  an  average  carbon  content  of  only  0.10  per  cent.    Again,  the 
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electrical  resistance  of  the  resistance  furnace  iron  is  13.52  microhms,  while 
that  of  SWI-4  and  No.  3C03  is  10.57  and  12.40  microhms  respectively. 
The  carbon  content  of  0.1  per  cent  does  not  by  itself  account  for  a  resist- 
ance of  13.52  microhms.  According  to  Barrett19  this  resistance  corre- 
sponds to  a  carbon  content  of  0.6  per  cent.  As  carbon  is  probably  ab- 
sorbed from  CO  by  the  reversible  reaction 

Fe  +  CO  ?±  C  +  FeO 
it  seems  natural  to  assume  that  not  only  carbon,  but  also  iron  oxide  has 
been  absorbed  by  the  iron.  In  that  case  the  result  would  be  an  alloy 
of  ferrite,  cementite  (Fe3C)  and  iron  oxide  (FeO).  For  a  carbon  content 
of  0.1  per  cent,  the  alloy  would  contain  1.5  per  cent  Fe3C,  and  0.59  per 
cent  FeO.  While  cementite  is  slightly  ferromagnetic  as  shown  by  Had- 
field  and  Hopkinson105,  FeO  is  weakly  paramagnetic,  and  a  very  poor  con- 
ductor of  electricity.  With  these  two  substances  interspersed  among  the 
ferrite  crystals  the  low  permeability  and  high  resistance  can  be  satisfac- 
torily explained.  From  a  further  study  of  Fig.  6  and  Table  12  it  is  seen 
that  the  Swedish  charcoal  iron  has  lost  nearly  all  of  its  carbon  by  being 
melted  in  vacuo,  the  carbon  content  of  the  final  iron  being  only  .008  per 
cent.  At  the  same  time  its  electrical  resistance  has  been  lowered  and 
its  magnetic  permeability  considerably  increased.  Similarly,  the  three 
iron-carbon  alloys  melted  in  vacuo  have  lost  the  larger  portion  of  the 
carbon  added  to  them.  While  the  additions  amounted  to  .05,  .10  and 
.50  per  cent,  respectively,  the  chemical  analysis  of  the  final  iron  shows 
a  carbon  content  of  .013,  .012  and  .181  per  cent.  If  to  the  former  figures 
is  added  the  carbon  content  of  the  electrolytic  iron  as  deposited,  namely, 
.006  per  cent,  the  loss  of  carbon  is  found  to  be  76.8,  88.5  and  64.4  per 
cent  respectively.  The  corresponding  loss  for  the  Swedish  iron  was  95 
per  cent.  It  has  been  demonstrated  by  the  Bureau  of  Standards501  that 
such  a  loss  occurs  by  melting  electrolytic  iron  in  vacuo,  the  loss  found 
being  in  one  case  67  per  cent,  in  another  case  87.5  per  cent. 

In  the  present  case  the  electrolytic  iron  melted  in  vacuo  not  only 
did  not  lose  any  carbon,  but  actually  gained  a  slight  amount.  In  order 
to  explain  this  apparent  discrepancy  it  should  be  mentioned  that  the 
pressure  used  by  the  Bureau  of  Standards  in  their  vacuum  furnace  was 
.01  mm.  of  mercury,  while  the  pressure  used  by  the  author  was  from 
2  to  5  mm.  Based  upon  the  facts  above  enumerated  the  following 
explanation  is  now  offered:  Any  oxygen  left  in  the  furnace  combines 
with  the  carbon  of  the  heating  element  and  forms  carbon  monoxide 
(CO).  This  gas,  as  already  stated  in  connection  with  the  results  obtained 
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with  the  resistance  furnace,  reacts  with  the  iron  according  to  the  re- 
versible equation 

Fe  +  CO  *±  FeO  +  C, 
until  equilibrium  is  established.  If  now  the  pressure  in  the  furnace 
be  lowered  the  reaction  will  take  place  from  right  to  left;  that  is,  any 
FeO  that  may  be  present  will  be  reduced  by  the  carbon  in  the  iron  with 
the  result  that  the  carbon  content  will  be  decreased,  until  equilibrium 
is  restored.  Conversely,  with  an  increase  of  pressure  due  to  an  admis- 
sion of  oxygen,  the  reaction  will  take  place  from  left  to  right,  and  the 
carbon  content,  as  well  as  the  FeO,  of  the  iron  will  be  increased.  Upon 
this  hypothesis  the  difference  between  the  carbon  content  obtained  by 
the  Bureau  of  Standards  and  that  obtained  by  the  author  is  immediately 
explained.  The  final  carbon  content  in  any  particular  case,  besides 
depending  upon  the  pressure,  will,  according  to  this  hypothesis,  depend 
upon  the  relative  amounts  of  carbon  and  iron  oxide  present;  it  will 
probably  also  depend  upon  the  length  of  time  the  iron  is  kept  in  the 
molten  state. 

The  changes  in  the  structure  of  the  Swedish  iron  are  very  well 
illustrated  by  the  photomicrographs  shown  in  Figs.  43-45.  Fig.  43  shows 
the  nonhomogeneous  Swedish  iron  as  rolled.  The  dark  spots  are  prob- 
ably partly  slag  and  partly  pearlite,  shown  to  a  higher  magnification  in 
Fig.  44.  Fig.  45  shows  the  iron  after  being  melted  in  vacuo,  being  per- 
fectly homogeneous  and  without  any  sign  of  pearlite.  Figs.  37  to  42 
show  the  structures  of  the  iron-carbon  alloys  No.  3C01,  No.  3C02  and 
No.  3C03,  verifying  in  general  the  chemical  analysis  as  to  carbon  con- 
tent. However,  Fig.  5  and  Table  10  show  that  the  electrical  resistance 
and  magnetic  permeability  for  No.  3C01  and  No.  3C02  are  not  strictly 
in  accordance  with  the  chemical  analysis.  From  the  latter,  No.  3C01 
and  No.  3C02  are  approximately  alike,  while  the  electrical  and  magnetic 
tests  indicate  that  No.  3C02  should  have  a  higher  carbon  content  than 
No.  3C01.  It  is  difficult  to  explain  why  this  discrepancy  should  exist, 
as  the  analysis  for  No.  3C02  was  repeated  four  times,  each  giving  results 
that  agree  quite  closely. 

The  effect  of  annealing  at  different  temperatures  is  shown  in  Tables 
5  and  6  and  graphically  in  Fig.  3.  From  the  figure  it  is  seen  that  the 
permeability  increases  as  the  annealing  temperature  is  raised,  at  first 
slowly,  and  then  very  rapidly  as  the  temperatures  are  raised  from  700° 
to  800°  C.     Above  900°  C.  some  uncertainty  appears.    The  permeability 


YENSEN — MAGNETIC  PROPERTIES  OF  IRON  MELTED  IN  VACUO  43 

is  decreased  for  950°  and  again  increased  for  1,000°  C.  Whether  this 
result  is  due  to  mechanical  strain  in  clamping  the  rod  in  the  perme- 
ameter  or  whether  it  is  due  to  different  rates  of  cooling  or  to  some  other 
cause,  the  author  is  not  prepared  to  say.  From  the  experience  pre- 
viously related  it  seems  most  probable  that  the  drop  for  950°  is  due  to 
mechanical  straining,  as  it  occurs  for  low  values  of  H  only.  The  ex- 
periments of  Terry220  show  that  1,100°  is  the  most  favorable  annealing 
temperature  for  pure  iron.  While  the  results  shown  in  Fig.  3  are  not 
conclusive  in  themselves,  they  help  to  confirm  the  results  obtained  by 
Terry.  Another  interesting  point  is  shown  in  Fig.  3.  For  values  of 
H  =  8  or  above,  the  permeability  is  decreased  by  annealing  at  tempera- 
tures above  900°  C.  and  does  not  return  to  the  higher  value  by  further 
annealing  at  lower  temperatures.  Furthermore,  upon  annealing  succes- 
sively at  decreasingly  lower  temperatures  the  permeability  is  increased 
for  low  values  of  H.  Such  a  process  is,  of  course,  equivalent  to  anneal- 
ing at  the  highest  temperature  and  cooling  at  a  slower  rate  than  was 
used  for  each  of  the  successive  annealings.  This  assumption  was  veri- 
fied by  annealing  at  900°  C.  and  cooling,  first  in  24  hours,  according  to 
a  logarithmic  time-temperature  curve,  and  finally  in  48  hours  according 
to  a  straight  line  connecting  900°  and  200°  C.  As  seen  from  Table  6 
these  treatments  increased  the  permeability  considerably  for  low  values 
of  H,  but  did  not  alter  it  for  high  values  of  H.  Quenching  from  1,000° 
C.  in  iced  brine  produced  a  decided  magnetic  hardening,  but  this  harden- 
ing was  again  removed  by  reheating  to  900°  C.  followed  by  slow  cooling. 
The  results  obtained  with  rod  No.  3-39  are  confirmed  by  those 
obtained  with  the  three  groups"  of  rods  made  from  electrolytic  iron  melted 
in  vacuo.  Thus,  the  rods  of  Group  2  (see  Table  7)  that  were  re- 
heated to  forging  temperature,  between  1,000°  C.  and  1,100°  C,  gave 
a  decidedly  lower  permeability  for  high  values  of  H  than  rods  that  had 
not  been  heated  above  900°  C.  The  same  is  shown  by  the  results  obtained 
for  the  rods  of  Group  4  after  these  rods  had  been  annealed  at  1,080°  C, 
as  seen  in  Table  9.  While  this  table  shows  that  the  permeabiltiy  for 
low  values  of  H  were  not  altered  materially  by  such  annealing,  the  rods 
of  Group  2  as  well  as  rod  No.  3-39,  that  had  been  annealed  above 
1,000°  C.,  include  the  best  rods,  magnetically,  of  the  entire  series.* 


♦Rod  No.  3-37  belonging  to  Group  2  has  an  exceptionally  low  permeability,  probably 
due  to  an  accident  somewhere  in  the  process,  as  the  chemical  analysis  shows  that  it  contains 
.045  per  cent  carbon. 
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The  results  shown  in  Fig.  4,  taken  from  Tables  8  and  10,  appear 
somewhat  puzzling.  The  rods  represented  in  Fig.  4  were  all  annealed 
together  in  such  a  way  as  to  come  in  intimate  contact  with  each  other, 
but  no  record  was  kept  as  to  the  relative  location  of  each  rod.  However, 
it  is  not  probable  that  they  occupied  the  same  relative  position  each 
time.  It  will  be  seen  that  after  each  heat-treatment  the  permeability 
of  two  or  three  rods  is  decidedly  lower  than  it  was  previous  to  that  heat- 
treatment,  and  while  the  permeability  for  two  of  the  pure  iron  rods  is 
constantly  increasing  and  that  for  two  others  is  constantly  decreasing, 
the  permeability  for  No.  3-47  is  at  first  increased  and  then  decreased. 
No  such  variation  occurs  for  any  other  group  of  rods,  and  the  only 
explanation  that  can  be  offered  is  that  the  only  rod  containing  any 
appreciable  amount  of  carbon,  namely  No.  3C03,  which  contains  .181  per 
cent,  has  contaminated  the  two  or  three  rods  with  which  it  came  in  contact 
during  each  heat-treatment. 

Various  other  inconsistencies  appear  upon  a  close  scrutiny  of  the 
tables  and  figures,  but  they  are  of  less  importance  and  do  not  affect  the 
general  results.  These  inconsistencies  show,  however,  how  difficult  it  is, 
even  by  using  great  care,  to  obtain  uniform  results  with  pure  iron. 

The  summary  for  all  the  rods  made  from  electrolytic  iron  melted 
in  vacuo,  as  given  in  Table  11,  includes  the  results  as  forged  and  after 
the  48-hour  cooling  from  900°  C,  whether  this  last  heat-treatment  gave 
the  best  result  with  regard  to  magnetic  quality  or  not.  The  average 
values  obtained  from  this  table  for  all  the  15  rods,  including  rod  No. 
3-37,  which  perhaps  should  have  been  thrown  out,  are  therefore  some- 
what lower  than  may  be  expected  for  15  rods  treated  under  more  favor- 
able conditions.  However,  the  magnetization  curve  plotted  from  these 
average  values,  as  shown  in  Fig.  6,  serves  to  indicate  the  place  occupied 
by  electrolytic  vacuum  iron  in  relation  to  other  grades  of  iron.  While 
the  average  curve  for  the  electrolytic  vacuum  iron  is  the  highest  of  those 
shown  in  Fig.  G,  the  curve  for  the  Swedish  charcoal  iron  remelted  in 
vacuo  is  a  close  second,  and  these  two  turves  are  far  above  the  curves 
for  commercial  iron  used  at  present  for  magnetic  purpoa  s. 

The  maximum  permeability  for  the  average  magnetization  curve 
as  obtained  from  Table  12  is  12,950  occurring  at  a  flux  density  of 
G,550  gausses,  while  the  maximum  obtained  for  the  best  rod  of  the 
series,  No.  3-38,  is  19,000  occurring  at  a  flux  density  of  9,500  gausses. 
Terry  gives  11,000  as  the  maximum  permeability  obtained  for  electro- 
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lytic  iron  as  deposited,  but  it  is  not  perfectly  clear  whether  this  perme- 
ability occurred  at  ordinary  temperatures  or  in  the  neighborhood  of  7G0° 
C,  as  he  compares  this  maximum  value  obtained  with  those  obtained  by 
Morris  and  Wells,  which  occurred  near  the  critical  temperature,  785°  C. 
However,  it  is  believed  that  Terr/s  maximum  occurred  at  room  tem- 
perature after  annealing  at  1,100°  C. 

While  high  permeability  is  of  interest  for  certain  purposes,  the 
characteristics  of  iron  that  are  of  special  interest  to  the  manufacturer 
and  user  of  electrical  machinery  are  hysteresis  and  eddy  current  losses, 
the  latter  depending,  to  a  large  extent,  upon  the  electrical  resistance  of 
the  iron.     (See  ref.  32  in  Bibliography.) 

From  Table  12  the  hysteresis  loss  for  Bmax  ==  10,000  is  seen  to 
be  less  than  one-half  as  high  for  the  average  electrolytic  vacuum  iron 
as  it  is  for  the  commercial  silicon  steel,  while  for  Bmax=  15,000,  the 
corresponding  figure  is  about  two-thirds.  The  reason  why  the  hysteresis 
loss  for  the  vacuum  iron  is  not  even  still  lower  compared  with  com- 
mercial iron  is  readily  seen  by  looking  at  the  figures  for  retentivity. 
(See  also  Figs.  8  and  9.)  While  the  retentivity  for  Bmax  =  15,000  is 
9,940  for  the  average  electrolytic  vacuum  iron,  it  is  only  5,400  for  silicon 
steel.  The  hysteresis  loss  for  Hadfield's  best  magnetic  steels,  the  2y2 
per  cent  silicon  alloy  and  the  2'1/4  per  cent  aluminum  alloy,  as  reported 
by  Barrett,  Brown  and  Hadfield15-18,  is  1,550  and  1,440  ergs  per  c.c. 
per  cycle  for  Bmax  =  9,000.  Comparing  these  results,  it  is  seen  that 
in  spite  of  the  high  retentivity,  the  hysteresis  loss  for  the  electro- 
lytic vacuum  iron  is  much  lower  than  for  any  material  thus  far  pro- 
duced of  which  the  literature  gives  information.  This  is  due  to  the  low 
coercive  force,  namely,  .34  gilberts  per  cm.  being  the  average  value  for 
the  15  rods. 

The  specific  electrical  resistance  for  the  average  vacuum  iron  is  9.96 
microhms.  The  resistance  for  the  standard  transformer  steel  is  11.09 
microhms,  while  that  for  the  silicon  steel  is  51.15  microhms.  Thus  the 
eddy  current  losses  per  unit  volume,  for  the  same  thickness  of  sheet  and 
for  the  same  maximum  flux  density,  would  be  much  in  favor  of  the  silicon 
steel.  However,  it  is  definitely  known  that  the  resistance  of  the  electro- 
lytic vacuum  iron  can  be  raised  by  the  addition  of  silicon  or  aluminum. 
What  the  effect  of  such  additions  upon  the  magnetic  quality  of  the  iron 
will  be  remains  to  be  seen,  but,  judging  from  the  effect  they  have  upon 
commercial  grades  of  iron,  it  seems  probable  that  it  will  not  be  harmful. 
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While  the  photomicrographs  are  of  interest  primarily  to  show  the 
structure  of  the  electrolytic  vacuum  iron  in  general,  and  in  what  respect 
it  differs  from  other  grades  of  iron,  certain  conclusions  as  to  the  relation 
between  the  microstructures  and  the  magnetic  quality  of  the  iron  may 
be  drawn.  Considering  the  series  for  rod  No.  3-39  it  appears  that  there 
is  no  general  growth  in  the  size  of  the  crystals.  Annealing  at  900°  C. 
or  above  with  subsequent  slow  cooling  breaks  the  crystals  up  into  smaller 
parts.  Quenching  from  1,000°  C,  this  fine  structure  again  gives  way 
for  larger  crystals  with  indefinite  boundaries,  but  the  fine  structure  re- 
appears upon  subsequent  annealing  and  slow  cooling.  The  structure 
that  seems  to  give  the  best  magnetic  quality  is  that  shown  in  Figs.  27 
and  30  for  rod  No.  3-39.  This  same  structure  is  obtained  for  the  best 
rod  of  the  series,  No.  3-38,  and  appears  in  Fig.  18,  also  for  rod  No.  3-43 
in  Fig.  35  and  for  No.  3-31  in  Fig.  15. 

The  photomicrographs  of  the  quenched  specimens,  Figs.  47  to  56, 
show  that  the  structure  of  pure  iron  is  not  changed  materially  by  quench- 
ing either  in  iced  brine  or  in  liquid  air.  The  only  specimen  that  has 
undergone  a  decided  change  is  No.  3C03  that  contains  .181  per  cent  C. 
As  quenched  in  iced  brine,  Figs.  50  and  51,  this  specimen  exhibits  a  struc- 
ture suggesting  that  some  of  the  iron  has  been  retained  in  the  Beta  and 
Gamma  modifications.  The  dark  crystals  are  probably  martensite,  the 
first  transition  stage  in  the  decomposition  of  austenite.  Fig.  55  shows 
the  structure  of  No.  3C03  after  quenching  in  liquid  air.  This  structure 
is  quite  different  from  the  one  shown  in  Figs.  50  and  51,  and  the  sub- 
stance represented  is  probably  austenite. 

These  results  show  that  the  changes  in  the  properties  of  pure  iron 
resulting  from  rapid  cooling  are  not  so  much  due  to  changes  in  the 
structure  of  the  iron  as  to  mechanical  strains  caused  by  sucli  cooling. 
With  a  small  carbon  content,  however,  the  changes  in  the  properties  of 
the  iron  due  to  rapid  cooling  may  be  partly  attributed  to  the  retention 
of  the  iron  in  the  Beta  and  Gamma  modifications,  as  shown  by  Figs. 
50,  51  and  55. 

The  results  of  the  critical  temperature  determinations  show  that 
the  point  Ar3  (see  Fig.  12)  for  the  average  electrolytic  vacuum  iron 
is  894°C,  agreeing  with  the  value  found  by  the  Bureau  of  Standards  for 
pure  iron. 

Table  13  shows  that  magnetic  and  mechanical  hardness  go  to- 
gether and  confirms  further  the  results  obtained  by  previous  writers.  It 
emphasizes  the  extreme  mechanical  softness  of  the  electrolytic  iron  melted 
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in  vacuo,  particularly  after  annealing  at  900°  C.  In  comparing  No. 
3C01,  No.  3C02,  and  No.  3C03  with  the  rest  of  the  rods,  it  should  be 
remembered  that  the  actual  carbon  content  of  the  former  is  .013,  .012 
and  .181  per  cent  respectively. 

While  the  results  show  some  inconsistencies  that  cannot  at  present 
be  satisfactorily  explained,  it  should  be  borne  in  mind  that  the  experi- 
ments have  necessarily  been  made  upon  relatively  small  samples,  that 
the  processes  involved  in  order  to  obtain  the  test  pieces  in  the  final  condi- 
tion are  numerous,  and  that  the  magnetic  properties  are  very  readily 
affected  by  outside  influences. 

It  is  hoped  that  employing  a  vacuum  furnace  for  annealing  as  well 
as  for  melting  the  iron  will  help  to  remove  some  of  these  inconsistencies. 

VI.     Summary  and  Conclusion. 

The  results  recorded  in  the  previous  pages  may  be  summarized  as 
follows : 

1.  Pure  iron  melted  in  an  atmosphere  of  carbon  monoxide  under 
atmospheric  pressure  will  absorb  both  carbon  and  oxygen  with  the 
result  that  the  iron  thus  produced  is  of  an  inferior  magnetic  quality. 

2.  Low  carbon  iron  melted  in  vacuo  will  lose  50  to  90  per  cent  of  its 
original  carbon  content. 

3.  The  magnetic  quality  of  electrolytic  iron  melted  in  vacuo  is 
decidedly  superior  to  any  grade  of  iron  thus  far  produced,  the  maximum 
permeability  obtained  being  19,000  at  a  flux  density  of  9,500  gausses. 
The  average  hysteresis  loss  obtained  is  less  than  50  per  cent  of  that  found 
in  the  best  grades  of  commercial  transformer  iron. 

4.  The  specific  electrical  resistance  of  pure  iron  melted  in  vacuo 
is  9.96  microhms. 

5.  Swedish  charcoal  iron  melted  in  vacuo  has  a  magnetic  quality 
approximating  that  of  electrolytic  iron  melted  in  vacuo,  chiefly  due  to 
the  reduction  of  the  carbon-  content. 

From  these  facts  it  appears  that  a  superior  quality  of  iron  for 
magnetic  purposes  may  be  obtained  by  melting  electrolytic  iron  in  vacuo. 
While  the  electrical  resistance  of  the  iron  thus  obtained  is  very  low,  this 
defect  may  be  remedied  by  the  addition  of  such  alloying  elements  as 
silicon  or  aluminum,  elements  that  are  known  to  increase  the  electrical 
resistance  very  materially  without  affecting  the  magnetic  quality  to  any 
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large  extent.  Experiments  are  now  under  way  for  determining  the  effect 
of  such  alloying  elements,  and  the  results  will  be  published  at  some  later 
date. 

Whether  iron  melted  in  vacuo  will  ever  become  a  commercial  product 
depends,  of  course,  upon  whether  any  apparatus  can  be  devised  for 
producing  such  iron  on  a  commercial  scale  at  a  cost  that  will  not  be 
prohibitive. 


Fig.  13.     3-31A  x  40. 
As  forged. 


Fig.  14.     3-31F  x  40. 
Annealed  at  950°  C. 


Fig.  15.     3-31K  x  40. 
Annealed  at  900°  C.    Cooled  in  4S  hours. 
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Fig.  16.     3-36  x  40. 
Annealed  at  900°  C. 


Fig.  17..    3-37  x  40. 
Forged  and  reheated  to  1,050°  C. 


Fig.  18.     3-38  x  40. 
Annealed  at  900°    C. 


Electrolytic   Iron,   Melted  in   Vacuo.   See  Tables   5-  and  7. 
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Fig.  19.    3-39A  x  40. 
As  forged. 


Fig.  20.     3-39B  x  40. 
Annealed  at  680°  C.     Going  up. 
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Fig.  21.     3-39D  and  E  x  40. 


Fig.  22.     3-39F  x   40. 


Annealed  at  900  and  950°  C.     Going  up.       Annealed  at  1.000°  C.     Going  up. 


Fig.  23.     3-39F  x  210. 
Same  as   Fig.  22. 


Fig.  24.     3-39G  x  40. 

Annealed  at  1.060°  C. 


Electrolytic  Ikon,  Melted  in  Vacuo.     Series  for  Rod  No.  3-39.     See  Table  6. 


Fig.  25.     3-39H  x  40. 
Annealed  at  912°  C.    Going  down. 
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Fig.  26.    3-39J  x  40. 
Annealed  at  800°  C.    Going  down. 
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Fig.  27.     3-39L  x  40.  Fig.  28.     3-390  x  40. 

Annealed  at  616°  C.     Going  down.  Quenched  in  brine  from  1,000°  C. 
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Fig.  29.     3-39Q  x  40.  Fig.  30.     3-39S  x  40. 

Annealed  at  99°  C.    Cooled  in  24  hours.    Annealed  at  900°  C.    Cooled  in  48  hours. 


Electrolytic  Iron,  Melted  in  Vacuo.     Series  for  Rod  No.  3-39.     See  Table  6. 


Fig-.  31:     3-41   x  40. 

Annealed  at  900°  C.  Cooled  in  12  hours. 


Fig".  32.     3-4!!  x  40. 
Same  treatment  as  Fig.  31. 
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Fig.  33.     3-4.~)  x  40. 
Same  treatment  as  Fig.  31. 


Fig.  34.     3-47  x  40. 
Same  treatment  as   Fig.  31. 
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Fig.  :::».    3-43  \  10.  Fig.  36.     3-4S  x   K>. 

Annealed  at  900°  C.    Cooled  in  18  hours.  Same  treatment  as  Fi| 

Electrolytic    [ron    Melted   in    Vacuo.    See  Tabu    B 
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Fig.  37.     3C01  x  40. 

As   forged. 


Fig.  38.     3C01  x  40. 
Annealed  at  900°  C.    Cooled  in  48  hours. 
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Fig.  39.     3C02  x  240. 
As  forged. 


Fig.  41.     3C03  x  240. 
As  forged. 
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Fig.  40.     3C02  x  40. 
Same  treatment  as  Fig.  38. 


Fig.  42.     3C03  x  40. 
Same  treatment  as  Fig.  38. 


Electrolytic   Iron    with    Carbon    Added.    Melted   in    Vacuo.      See    Table    10. 

Carbon  added:     3C01— .05%,  3C02— .10%,  3C03— .50%. 

Carbon  as  per  chemical  analysis:     3C01— .013%,  3C02— .012%,  3C03— .181%. 


Fig.  43.     SwI-4  x  40. 
Annealed  at  945°  C. 


Fig.  44.     SwI-4  x  240. 
Same  treatment  as  Fior    43. 


Swedish  charcoal  iron  as  cut  from  plate.     Carhon  content  .163%. 
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Fig.  45.     1-21  x  40. 

As  forged. 

Swedish    charcoal    iron    remelted    in 
vacuo.      Carbon    content    .008%. 
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Fig,  46.     3-13  x  40. 

\nncalcd  at  000°  C. 

Electrolytic   Iron  melted  in  resistance 

furnace      under     atmospheric     pressure. 
Carbon  content  .105 


Fig.  47.     3-34  x  40. 
Carbon  content  .009%. 


Fig.  48.     3C01  x  40. 
Carbon  content  .013%. 


Fig.  49.     3C02  x  240. 
Carbon  content  .012%. 


Fig.  50.     3C03  x  40.  Fig.  51.    3C03  x  240. 

Carbon  content  .181%.  Same  as  Fig.  49.  - 

Electrolytic  Iron  with  and  without  Carbon  Added,  Melted  in  Vacuo. 
Quenched  from  1000°  C  in  Brine  at  —21°  C. 


Fig.  52.     3-36  x  40. 

Carbon  content  .015%. 


Fig.  53.     3-47  x  40. 
Carbon  content  .008%. 


Fig.  54.     3C()2  x  4(). 
Carbon  content  .012%. 


Fig.  55.     3-C63  x  :.Mo. 
Carbon   content   .181%. 


Fig.  56.     1-21   x    10. 
Swedish  charcoal  iron,  remelted  in  vatoo. 
Carbon  content   .008 
Am    Specimens  Quenched  from    1000°   C.   in   Liquid  An;. 
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APPENDIX  I. 

Crucibles  and  Arc  Furnace. 

The  crucibles  in  which  the  electrolytic  iron  was  melted  were  made 
from  electrically  fused  magnesia,  made  in  the  arc  furnace  shown  in  Pig. 
57.  This  furnace  was  the  outcome  of  a  series  of  experiments  with  different 
furnaces.  It  consists  essentially  of  an  iron  shell  28"  (71  cm.)  in  diame- 
ter and  48"  (122  cm.)  in  height,  placed  upon  an  iron  tray  60"  (152 
cm.)  in  diameter.  The  top  is  provided  with  four  6"  (15  cm.)  openings 
with  iron  covers.  The  lower  electrode  consists  of  an  8"  (20  cm.)  round 
carbon  block,  hollowed  out  on  the  top  and  placed  upon  a  layer  of  magnesia 
bricks.  Into  this  block  is  screwed  a  3"  (7.6  cm.)  carbon  rod  that 
extends  through  the  iron  shell.  The  upper  electrode  consists  or  a  3" 
(7.6  cm.)  carbon  rod  capable  of  being  raised  or  lowered  by  means  of  a 
rope  and  counterweight.  The  guides  for  the  electrodes  consist  of  iron 
pipes  fastened  to  the  iron  shell  by  locknuts  and  insulated  from  the  shell 
by  asbestos  washers. 

The  raw  material  used  at  first  consisted  of  a  product  known  as 
^native  powdered  magnesite,"  calcined  at  about  1000°  C.  Chemical 
analysis  showed  that  it  contains  4  per  cent  Si02  and  2  per  cent  Fe.  The 
fused  material  contains  2  per  cent  Si02.  Later,  a  purer  product  was  used, 
obtained  by  precipitation.  This  product  had  not  been  calcined  and  was 
found  upon  analysis  to  contain  .4  per  cent  Si02,  3  per  cent  Fe203  and 
A1203,  and  .179  per  cent  CaO.  The  fused  magnesia  from  this  product 
contains  1.0  per  cent  Si02. 

The  operation  of  the  furnace  was  as  follows:  The  shell  was  com- 
pletely filled  with  the  raw  material.  On  account  of  its  consistency  it 
served  as  an  excellent  heat  insulator,  so  that  no  other  lining  of  the  shell 
was  needed.  The  arc  was  started  by  lowering  the  upper  electrode  until 
it  touched  the  carbon  block,  the  current  being  limited  by  means  of  a 
water  rheostat.  The  electrode  was  then  raised  until  the  voltage  across 
the  arc  was  about  50  volts.  As  the  magnesia  fused  it  filled  the  hollow 
in  the  carbon  block,  and,  being  a  good  conductor  of  electricity  in  the 
fused  state,  the  arc  formed  between  it  and  the  upper  electrode.  The 
latter  consequently  had  to  be  raised  gradually  as  more  and  more  mag- 
nesia fused  in  order  to  maintain  the  voltage.  As  the  arc  was  raised 
the  magnesia  gradually  solidified  but  continued  to  act  as  a  conductor. 
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During  this  operation  fresh  magnesite  had  to  be  supplied  on  account 
of  the  shrinkage.  The  "native  powdered  magnesite"  shrank  to  about 
one-fourth,  while  the  precipitated  magnesite  shrank  to  about  one-tenth 
of  the  original  volume.  At  the  end  of  10  to  12  hours  the  operation  was 
completed,  and  the  result  was  a  core  of  fused  magnesia,  weighing  75  to 
100  pounds  (35  to  45  kg.),  surrounded  by  sintered  magnesia  weighing 
100  pounds  or  more. 

Attending  this  furnace  was  by  no  means  a  pleasure.  As  fresh 
magnesite  fell  down  into  the  arc  an  explosion  would  take  place,  forcing 
steam,  C02,  and  other  gases  out  of  the  furnace,  accompanied  by  a  cloud 


Fig.  57.    Arc  Furnace  for  Producing  Fused  Magnesia. 
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of  fine  particles  of  magnesite.  This  was  particularly  true  of  the  precipi- 
tated magnesite,  and  it  would  probably  have  been  cheaper  and  easier  to 
have  calcined  this  material  in  some  other  way  previous  to  fusing  it  in 
the  arc  furnace. 


Fig.  58.    Form  for  Making  Crucible  and  Finished  Product. 


For  making  the  crucibles  the  fused  magnesia  thus  obtained  was 
ground  to  go  through  a  40  mesh  sieve.  The  binder  used  consisted  of 
hydrated  magnesia,  made  by  mixing  600  grams  "native  powdered  mag- 
nesite" with  1,000  c.c.  water.  This  was  placed  in  a  stone  mill  that  was 
kept  going  for  twenty-four  hours.  Just  a  sufficient  amount  of  this 
binder  was  used  with  the  fused  magnesia  to  make  the  mass  moist.  The 
crucibles  were  pressed  in  a  steel  form,  shown  in  Fig  58,  fitting  into  a 
hand  operated  press  capable  of  exerting  a  pressure  of  4,000  pounds. 
After  being  formed  the  crucibles  were  left  to  dry  over  steam  pipes  for 
a  couple  of  days  and  were  then  baked  in  the  electric  furnace,  shown  in 
Fig.  62,  at  a  temperature  of  1,600  to  1,800°  C.  The  finished  product  is 
shown  in  Fig.  58.  If  burned  in  a  slightly  oxidizing  atmosphere  the 
crucibles  will  come  out  perfectly  white.  They  are  strong  mechanically 
and  do  not  begin  to  show  signs  of  softening  below  1,800°  C. 
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Fig.  T>9.     Vacuum  Furnace. 
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APPENDIX  II. 

Vacuum  Furnace. 

The  furnace  described  here  was  modeled  after  the  vacuum  furnace 
developed  by  W.  C.  Arsem,  who  presented  a  paper  descriptive  of  this 
type  of  furnace  before  the  American  Electrochemical  Society  in  1906. 
The  furnace  as  constructed  by  the  author  is  illustrated  in  Figs.  59,  60 
and  61.  The  vacuum  tank  was  made  from  a  12"  (30  cm.)  wrought  iron 
pipe,  with  a  %"  (.64  cm.)  steel  plate  welded  on  at  one  end.  A  steel 
ring  was  shrunk  around  the  top  and  the  joint  made  airtight  by  means  of 
a  groove  filled  with  molten  lead.  The  cover  was  made  from  a  %"  (1.9 
cm.)  steel  plate  and  the  dome  from  a  4"  (10  cm.)  wrought  iron  pipe 
provided  with  flanges  at  each  end.  A  mica  window  was  placed  in  the  top 
of  the  dome  for  the  inspection  of  the  charge  during  operation.  As  the 
furnace  is  submerged  in  water,  all  the  joints  were  made  airtight  by  means 
of  rubber  gaskets. 

The  heating  element  was  cut  from  a  solid  4%"  (12  cm.)  carbon  elec- 
trode by  first  cutting  a  helical  groove  of  the  desired  pitch  and  depth  and 
then  cutting  out  the  core  by  means  of  a  pipe  provided  with  teeth 
on  one  end.  Care  had  to  be  exercised  to  obtain  a  perfectly  uniform 
cross-section.  The  radiation  screen  surrounding  the  helix  was 
made  from  an  8"  (20  cm.)  carbon  electrode  and  filled  with  crushed 
graphite.  Both  the  helix  and  the  screen  are  supported  at  the  lower  end 
by  a  carbon  base  which  in  turn  is  supported  by  a  water  cooled  copper 
tubing.  This  tubing  is  connected  to  the  base  by  means  of  a  cast  iron 
clamp,  and  it  serves  both  as  a  support  for  the  heating  part  of  the  furnace 
and  as  a  conductor  for  the  current.  It  is  clamped  in  place  by  two  airtight 
insulating  bushings  in  the  cover.  The  upper  end  of  the  helix  is  similarly 
supported  by  another  water  cooled  copper  tubing  connected  to  the  helix 
through  a  cast  iron  clamp. 

An  ordinary  mercury  manometer  was  used  to  measure  the  pressure, 
as  it  was  deemed  unnecessary  to  reduce  the  pressure  below  .5  cm. 

At  first  the  furnace  was  submerged  in  ordinary  water,  but  as  direct 
current  was  used  it  was  found  that  under  these  conditions  the  bushings 
were  very  badly  attacked  by  electrolysis.  Consequently,  the  furnace  was 
placed  in  a  tank  filled  with  distilled  water  and  this  was  kept  cool  by  cir- 
culating water  in  the  outside  tank  and  also  by  means  of  cooling  coils 
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placed  on  the  top  of  the  cover.  With  this  arrangement  the  temperature 
of  the  distilled  water  seldom  rose  above  60°  C. 

The  furnace  was  exhausted  down  to  a  pressure  of  2  to  3  cm.  by 
means  of  a  water  aspirator.  The  Geryck,pump  was  then  started  and  this 
reduced  the  pressure  to  .5  cm.  or  below. 

With  an  input  of  15  kw.  the  temperature  in  the  crucible  was  raised 
to  1,600°  C.  in  half  an  hour  and  could  be  maintained  at  that  temperature 
with  12  kw.  No  instrument  was  used  for  measuring  the  temperature,  as 
the  melting  of  the  iron  could  be  observed  through  the  window  in  the  top 
of  the  dome. 

The  life  of  the  helix  heating  element  has  been  about  50  melts,  each 
melt  lasting  approximately  one  hour  with  a  temperature  of  1,500°  to 
1,600°  C.  in  the  crucible.  The  temperature  of  the  helix  itself  was,  of 
course,  much  higher,  possibly  2,000°  C. 

It  was  found  that  the  helix  gradually  sagged  and  after  a  certain 
length  of  time  the  lower  turns  came  close  enough  together  to  allow  an  arc 
to  form.  This  arc  increased  the  current  so  as  to  raise  the  drop  between 
the  next  two  turns  sufficiently  to  cause  an  arc,  and  so  on.  In  this  way  a 
dead  short  circuit  took  place.  As  after  this  length  of  time  the  helix  had 
become  partly  disintegrated,  any  attempt  to  increase  the  distance  between 
the  turns  resulted  in  a  broken  helix,  and  a  new  one  had  to  be  substituted. 
For  this  reason  a  different  shaped  heating  element  might  be  preferable, 
although  the  helix  can  be  made  quite  cheaply  for  this  size  furnace.  For 
larger  sizes  the  helix  form  would  probably  be  out  of  the  question. 
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Fig.  60.    Vacuum  Furnace. 
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Fig.  61.     Construction  of  Vacuum  Furnace. 
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APPENDIX  III. 

Eeheating  Furnace. 

For  the  annealing  and  quenching  of  the  iron  rods  a  resistance  type 
furnace  was  used,  modeled  after  the  Hoskins  carbon  plate  furnace.  A 
photograph  of  the  furnace  is  shown  in  Fig.  62.  The  lining  of  the  fur- 
nace consists  of  one  layer  of  magnesia  brick  next  to  the  heating  chamber 
and  another  layer  of  firebrick  next  to  the  iron  shell.  The  heating  ele- 
ment consists  of  carbon  plates,  %"  (.63  cm.)  X  1%"  (4.13  cm.)  X  8" 
(20  cm.)  arranged  along  the  sides  of  the  heating  chamber.  The  two 
rows  of  plates  are  connected  in  parallel  by  means  of  2"  (5  cm.)  carbon 
plates,  and  3"  (7.6  cm.)  carbon  electrodes  are  screwed  into  these  end 
plates.  The  connections  to  the  transformer  consist  of  water 
cooled  cast  iron  clamps  and  heavy  copper  cables.  The  pressure  on 
the  carbon  plates  can  be  varied  by  means  of  screws  at  each  end.  The 
furnace  requires  for  its  operation  about  1,500  amperes  at  25  volts. 
With  this  input  the  temperature  will  rise  to  1,000°  C.  in  iy2  hours.  If 
the  current  is  cut  off  at  this  temperature,  the  furnace  will  cool  along  a 
logarithmic  temperature-time  curve  to  200°  C.  in  about  seven  hours, 
depending  somewhat  upon  the  previous  rate  of  heating.  In  most  cases, 
however,  slower  cooling  along  definite  temperature-time  curves  was  nec- 
essary, and  for  this  purpose  the  energy  input  was  regulated  either  by 
varying  the  primary  voltage  of  the  transformer,  or  by  varying  the  pres- 
sure on  the  carbon  plates,  or  by  varying  both. 
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Fig.  62.    Annealing  Furnace. 
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APPENDIX  IV. 
Permeameter. 

As  the  apparatus  for  measuring  the  magnetic  properties  is  the  one 
upon  which  the  numerical  accuracy  of  the  results  depend,  this  apparatus 
will  be  described  in  detail  and  the  probable  error  in  each  measurement 
calculated..  The  method  used  is  known  as  the  compensated  double  bar 
and  yoke  method  and  is  based  upon  the  results  obtained  by  the  Bureau 
of  Standards  and  described  by  Charles  W.  Burrows  in  Reprint  No.  117. 
The  apparatus  as  constructed  by  the  author  is  shown  in  Fig.  63  drawn 
to  scale.  Two  rods  are  used,  of  approximately  the  same  magnetic  and 
electrical  quality,  one  of  which  is  the  rod  to  be  measured  and  the  other 
to  be  referred  to  as  the  auxiliary  rod.  The  two  rods  are  clamped  to- 
gether by  means  of  split  yokes  made  from  Swedish  charcoal  iron,  thor- 
oughly annealed.  Thus  a  complete  magnetic  circuit  is  established.  The 
magnetizing  coils  T  and  A  are  wound  on  red  fibre  tubing  and  consist  of 
No.  18  B.  &  S.  double  cotton  covered  copper  wire,  wound  20  turns  per 
inch  (7.875  turns  per  cm.)  in  10  layers.  The  first  layer  was  wound  on  a 
screw  thread  cut  in  the  tube  so  as  to  make  exactly  20  turns  per  inch, 
the  next  layer  wound  in  the  grooves  of  the  first  layer,  and  so  on  for 
all  10  layers.  After  completion  the  separate  layers  were  connected  in 
series.  Four  compensating  coils,  C,  serve  to  overcome  the  demagnetizing 
effect  of  the  yokes  and  the  joints,  and  these  coils  were  wound  in  the  same 
manner  as  the  two  long  coils.  The  secondary  coils,  t,  a  and  c  are  also 
wound  on  fibre  tubes,  and  each  consists  of  126  turns  of  No.  30  B.  & 
S.  double  silk  covered  copper  wire;  t  is  the  secondary  of  the  main  mag- 
netizing coil  T,  a  that  of  the  auxiliary  coil  A,  and  c  is  divided  into 
two  halves,  one  at  each  end  of  T,  directly  under  the  compensating  coils. 
After  being  wound  these  secondary  coils  were  boiled  in  paraffin  so  as  to 
insure  perfect  insulation. 

For  calibration  purposes  a  mutual  inductance  M  was  constructed 
as  shown  in  Fig.  67.  It  is  wound  on  a  cylinder  of  seasoned  wood.  The 
primary  consists  of  No.  18  B.  &  S.  double  cotton  covered  copper  wire  and 
in  order  to  insure  uniformity  the  wire  was  laid  in  a  screwthread  of  20 
threads  per  inch  (7.875  threads  per  cm.).  The  secondary,  m,  consists  of 
1,260  turns  of  No.  30  double  silk  covered  copper  wire  wound  in  10  layers 
of  126  turns  each,  the  layers  being  separated  by  layers  of  paraffin  poured 
on  in  a  molten  state  and  turned  down  smooth. 
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The  following  notation  will  be  used. 

IT,  Ht  =  magnetizing  current  and  magnetizing  force  for  coil  T. 

lAf  HA  =  magnetizing  current  and  magnetizing  force  for  coil  A. 

Ic?  Hc  =  magnetizing  current  and  magnetizing  force  for  coil   C. 

IM^  HM  =  magnetizing  current  and  magnetizing  force  for  coil  M. 

nT  =  number  of  turns  per  cm,  of  coil  T. 

nM  ==a  number  of  turns  per  cm.  of  coil  M. 

nt  =  number  of  turns  of  coil  t. 

nm  =  number  of  turns  of  coil  m. 

$t=  total  flux  threading  coil  t. 

3>m=  total  flux  threading  coil  m. 

The  principle  upon  which  this  method  depends  is  that  the  true 
value  of  H  for  a  certain  section  of  the  magnetic  path  can  be  obtained 
from  the  value  of  the  magnetizing  current  in  the  coil  for  that  section, 
provided,  first,  that  this  coil  is  wound  with  absolute  uniformity,  second, 
that  the  flux  is  absolutely  uniform  throughout  that  section,  and  third, 
that  the  end  effects  of  the  magnetizing  coils  are  small.    In  that  case 

H  =  .4tt  n  I. 

The  uniformity  of  the  flux  can  be  investigated  by  means  of  the 
three  secondary  coils,  t,  a,  and  c,  see  Fig.  64.  With  a  fixed  magnetizing 
current  in  T  and  the  galvanometer  switch  connected  at  ta,  the  current  in 
A  can  be  adjusted  until  the  galvanometer  shows  no  deflection  upon 
reversal  of  the  currents.  Since  t  and  a  are  connected  in  opposition 
and  contain  the  same  number  of  turns,  they  must  be  threaded  by  the 
same  flux.  The  sensitivity  of  the  galvanometer,  for  this  purpose,  may 
be  made  a  maximum  by  short-circuiting  the  resistence  o>.  In  the  same 
way  the  flux  may  be  adjusted  to  equality  at  t  and  c  by  means  of  the  cur- 
rent in  the  compensating  coils  C. 

With  the  flux  the  same  at  t,  a,  and  c,  it  is  justifiable  to  assume  that, 
for  all  practical  purposes,  it  is  the  same  throughout  the  magnetic  path 
and  in  particular  that  it  is  the  same  throughout  the  rod  to  be  measured. 
Then,  with  a  magnetizing  current  of  IT  amperes  in  T,  the  magnetizing 
force  is 

HT  =  .47rnT  It  gilberts  per  cm. 
provided  the  end  effects  of  the  coils  may  be  neglected.    These  end  effects 
will  now  be  investigated  with  reference  to  the  particular  apparatus  used. 

The  correction  due  to  one  end  of  the  solenoid  T,  to  be  applied  at  the 
middle  of  the  same,  is* 

|t,=-I    (1- COS  a)  H0  (1) 


•Burrows:     Bull.  Bur.  of  Stand.,  Vol.  6,  No.  1,  reprint  117. 


62  ILLINOIS  ENGINEERING  EXPERIMENT  STATION 

where  H0  is  the  magnetizing  force  due  to   an  infinite  solenoid  and 

tan  a  =  — .  r  being  the  mean  radius  of  the  coil  and  I  the  length  of  the 
coil.    Expanded  (1)  becomes 

1  Hori  /  2r  \2      3  /  ?r\4        5    /  2r  \e  "I 

2kT==-TL2(TJ-8(-FJ  +16  (— )  —  •  •  -  J  (2) 
Similarly  the  correction  due  to  one  end  of  solenoid  A,  to  be  applied  along 
the  axis  of  T  at  its  center,  for  the  same  magnetizing  force  H0,  but  oppo- 
site in  direction,  is 


(3) 


where  d  =  distance  between  the  axis  of  the  two  coils,  and  Px,  P3,  P5,  etc., 
are  the  zonal  harmonics  of  cos  0  (see  Fig.  63).  The  corrections  to  be 
applied  at  the  center  of  T  due  to  the  compensating  coils  may  be  ob- 
tained from  (2)  and  (3)  by  substituting  the  appropriate  constants. 

For  the  particular  case  under  consideration  the  following  constants 
apply: 

For  solenoids  T  and  A.  For  the  compensating  solenoids  C. 

For  the  outer  end  For  the  inner  end 

r=  1.39  cm.  rc  =    2.62  cm.  rc  =    2.62  cm. 

1=22.8  cm.  1  =  22.8  cm.  lc  =  18.6  cm. 

d=7.0cm.  d=    7.0  cm.  d=    7.0  cm. 

0=31°.5  0  =  31°.5  0c  =  37°.O 

p=  13.4  cm.  p  =  13.4  cm.  p«  =  11.65  cm. 

Substituting  in  (2)  and  (3),  the  correction  due  to  the  four  ends  of  sole- 
noids T  and  A  is 

0/l  1       \  TT   (n/1.39\2     3  /1.39V     5  /1.39\6        1 

L2V13.4/  8V13.4/    \2  2  /T  J) 

=  —  H0  |.00365  —  .0023| 

=  —  .0027  H0 

Substituting  in  (2)  and  (3),  the  correction  due  to  the  eight  ends  of  the 
compensating  coils,  C,  for  the  same  current   as   in    the   main   coil,   T,   is 
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2(X+is+K+2k*> 

xx    (ri/2.62\2        3/2.62X4  "1       n/2.62\2      3/2.62\4        "1 

+  NL2Ux)    -    l(l5)  +-J-L2(lLiJ-8(lM)  +--J 

_R/2;62_y  s/^y/^  ?cos    y  i 

L2\11.65/  8  1.11.65/   \2  2  /  ^  J 

ri/    2.62  \2         „       3/2.62X4    /5        „  „       3        „  \  1 ) 

=  +  H0    .03754  —  .02550  +  .01614  —  .02014 
=  +   .00804  H0 

Consequently,  the  total  correction  due  to  the  ends  of  all  the  coils,  for 
the  same  current  in  all  of  them,  is 

k  =  (  —  .00270  +  .00804)  H0  =  +  .00534  H0. 
As  it  has  been  found  by  experience  that  for  the  highest  permeabilities 
the  compensating  current  may  be  5  times  as  large  as  the  main  magnet- 
izing current,  the  maximum  correction  to  be  applied  is 

kmax=  (  —  .0027  +  .0402)  H0  +  .0377  H0. 
From  this  result  it  is  seen  that  for  ordinary  iron  the  values  of  H  as 
obtained  by  the  expression  H  =  .47rnTIT  are  correct  within  1  per  cent 
for  all  values  of  H,  while  for  the  highest  permeability  iron  the  errors  in 
the  values  thus  obtained  vary  from  4  per  cent  for  low  values  of  H  to  less 
than  1  per  cent  for  values  of  H  above  20  gilberts  per  cm.  These  correc- 
tions have  not  been  applied  to  the  values  of  H  as  given  in  the  preceding 
account.    From  the  data  given  for  the  magnetizing  coils, 

H  =  .4tt  n  I 

=3  Air  X.  78.75  I 
=  99  1 
Thus  H  might  be  measured  by  means  of  an  ordinary  milliammeter  by 
dividing  the  readings  by  10  and  deducting  1  per  cent  from  the  result.    In 
order  to  avoid  this  correction  and  at  the  same  time  to  yield  greater  ac- 
curacy for  the  main  solenoid  the  following  scheme  was  adopted : 

The  magnetizing  force  HT  for  the  rod  to  be  tested  was  measured  by 
the  drop  of  potential  across  the  shunt  shown  in  Fig.  64.  This  shunt 
has  three  contacts  so  adjusted  that  if  the  first  switch  is  closed  the  milli- 
voltmeter  reads  10  HT,  if  switch  No.  2  is  closed  it  reads  HT  directly,  and 
if  switch  No.  3  is  closed  it  reads  %  HT.  Thus  the  error  in  reading  H  for 
HT  =  .5  is  ±  .005  or  ±  1  per  cent.    The  magnetizing  force  in  coils  A  and 
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C  are  measured  by  mill i  ammeters,  as  the  accuracy  of  these  readings  are  of 
less  importance.  All  these  meters  have  been  calibrated  against  a  Weston 
standard  and  corrections  applied. 

The  flux  density  in  the  rod  under  test  was  at  first  measured  by 
means  of  a  Leeds  and  Northrup  ballistic  galvanometer  whose  period  was 
adjusted  to  15  seconds.  This  galvanometer  was  calibrated  before  every 
test  by  the  mutual  inductance  previously  referred  to  and  shown  in 
Fig.  67. 

The  inside  diameter  of  the  primary  is  3.9"  (9.9  cm.)  and  the  mean 
diameter  Dav.  =  4.0"  (10.025  cm.).  In  order  to  include  the  total  flux 
inside  of  the  secondary  coil,  the  equivalent  value  of  the  diameter  at 
which  the  magnetizing  current  may  be  considered  concentrated  is  found 
to  be 


where  d  =  radius  of  the  primary  wire  =  .127  cm.     Substituting  numer- 
ical values,  D  eq.  =    \/    -,  n  ao2^    — ;r-2  =  10.025 — .    Thus  the  error  in 

\        lU.U/vO  .Ul)-r 

using  Dav.  as  the  effective  diameter  is  negligible.     The  effective  area 
is  then 

A  AJav.  — 2 

A  =  7r  — . —  =  /8.6  cm. 
4 

With  a  current  of  IM  flowing  in  the  primary,  the  total  flux  threading  the 

secondary  for  an  infinitely  long  solenoid  is 

3>'m  =  AmKIM  X  A 

=  782  IM. 
The  correction  to  be  applied  at  the  center  due  to  the  effect  of  the  ends  is 

kM     =   '  -  Ho  |_  2  \  90  /      ~  8  \  90  /     +  16  \  90  /  J 

=  —  .0061  H0. 
Thus  the  flux  as  corrected  is 

*m  =  (1  —  .006)  782  Im 
=  777  In 
With  1260  turns  on  the  secondary,  the  total  flux  turns  are 

<J>mnm  =  1260X  777IM. 
The  test  rods  have  a  diameter  of  .:>>!>V"  (.995  cm)  and  the  area  is  thus 

, 2 

.779  cm.    With  an  induction  of  B  gausses  the  total  flux  in  the  rod  is 

<*t  =  BtX.779, 
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Fig.  64.     Electrical  Connections. 
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and  as  the  number  of  secondary  turns  are  126,  the  flux  turns  are 

$tnt  =  126  X  .779  X  Bt. 
If  now  the  secondary  coil,  t,  be  connected  in  opposition  to  the  coil,  m, 
in  series  with  the  galvanometer  and  the  latter  shows  no  deflection  upon 
reversing  all  the  magnetizing  currents,  including  IM,  then 

#m  nm  =  3>t  nt, 
or 

1260  X  777  IM  ==  126  X  .779  X  Bt, 
Bt  =  .997  X  10,000  IM. 
As  it  has  been  assumed  that  Bt  =  10,000  IM,  the  correction  to  be  applied 
is  —  .3  per  cent. 

On  account  of  the  difference  in  the  time  required  to  establish  the 
flux  in  M  and  T  it  was  found  impracticable  to  apply  this  zero  method. 
Instead,  the  resistance,  w,  was  so  adjusted  that  the  deflection  of  the  gal- 
vanometer upon  reversal  of  IM  was 

D  =  20  IM. 
Thus  with  the  coil  t  connected  to  the  galvanometer,  the  value  of  Bt  cor- 
responding to  a  deflection  D,  upon  reversal  of  the  magnetizing  currents,  is 

B         _   1.000  D 

1  max  g 

and  the  total  change  of  Bt  is 

ABt  =  1,000  D, 
as  Bt  passes  from  +  Btmax  to  —  Btmax  upon  reversal. 

All  the  different  switching  operations  are  accomplished  by  means  of 
rocking  mercury  switches,  as  shown  in  Figs.  65  and  66.  With  this  ar- 
rangement any  number  of  switches  may  be  operated  simultaneously.  A- 
a  matter  of  fact,  the  three  switches,  ST,  SA,  and  Sc,  and  also  STl,  SAl,  and 
SCl,  are  connected  together  so  that  they  operate  in  unison. 

The  magnetization  curves  are  obtained  by  the  method  of  reversals. 
Preliminary  to  each  measurement  the  flux  is  adjusted  to  equality  around 
the  magnetic  path  as  already  described. 

Hysteresis  loops  are  traced  by  a  similar  method.  All  values  are  re- 
ferred to  the  maximum.  After  having  made  the  adjustments  for  equal- 
ity for  the  maximum  value  to  be  used,  the  resistances  ET,  RA,  and  Rc  aiv 
not  changed.  If  IT.,  be  the  desired  value  of  HT  on  the  loop,  this  is  ob- 
tained by  opening  the  switches  STl,  SAl,  and  SCl,  and  adjusting  the  re- 
sistances R'T,  R'a.  and  \VC.  The  latter  are  then  short-circuited  and  the 
flux  reversed  a  few  times  so  as  to  follow  the  loop.  These  operations  have 
taken    place    with    the    galvanometer    short-circuited.      Adjustments    for 
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Fig.  65.     Permeameter.     Operating  Table. 


Fig.    66.      Permeameter.    Operating    Table. 
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equality  of  flux  for  H2  are  now  made  by  connecting  a  in  opposition  to 
t  through  the  galvanometer  and  noting  the  deflection  upon  opening 
Stu  SAl,  and  SCl.  If  there  is  a  deflection,  R'A  is  adjusted  so  that  upon 
opening  these  switches  no  deflection  takes  place.  A  few  reversals  have 
to  be  made  after  each  such  trial.  In  a  similar  manner  R'c  is  adjusted 
until  no  deflection  takes  place  with  c  connected  in  opposition  to  t. 
When  equality  has  been  obtained  all  along  the  line,  the  coil  t  is  con- 
nected directly  to  the  galvanometer  and  the  deflection  noted  upon  open- 
ing STl,  etc.  This  operation  gives  a  point  between  Bmax  and  the  reten- 
tivity  point  Br,  or  it  may  give  Br  if  R'T  in  the  above  case  is  infinity,  i. 
e.,  open-circuited.  For  values  of  B2  between  Br  and  —  Bmax  the  reversing 
switches  ST,  SA  and  Sc  are  operated  at  the  same  time  as  S'T,  etc.  Other- 
wise the  procedure  is  exactly  the  same. 

The  Leeds  and  Northrup  galvanometer  was  sufficiently  accurate  for 
iron  of  low  permeability,  but  when  attempts  were  made  to  use  it  for 
vacuum  iron  the  errors  introduced  on  account  of  the  viscosity  of  the 
iron  were  too  large.  This  was  particularly  true  in  measuring  hysteresis. 
It  was  found,  for  instance,  that  the  time  required  for  a  complete  change 
of  flux  in  a  particular  case  was  5  to  6  seconds.  As  the  period  of  the 
galvanometer  was  15  seconds  for  a  complete  swing,  or  about  4  seconds 
for  y±  swing,  the  change  of  flux  had  not  been  completed  by  the  time  the 
galvanometer  coil  had  reached  its  maximum  deflection.  As  the  accuracy 
of  a  ballistic  galvanometer  depends  upon  the  completion  of  the  impulse 
before  the  coil  has  moved  appreciably,  it  was  very  evident  that  the  bal- 
listic galvanometer  had  reached  its  limit  of  usefulness,  even  though  its 
period  had  been  doubled. 

For  all  the  final  measurements  of  the  vacuum  iron  a  Grassot  flux- 
meter  was  therefore  used.  In  this  meter  the  suspension  effect  has  been 
practically  eliminated,  so  that  the  same  result  is  obtained  whether  the  de- 
flection is  made  from  maximum  towards  zero  or  vice  versa.  The  needle 
does  creep  towards  a  zero  point,  but  the  travel  is  very  slow  and  hardly 
noticeable.  Consequently  with  this  instrument  it  makes  no  difference 
how  quickly  or  how  slowly  the  change  of  flux  takes  place.  It  can  be 
shown  that  in  any  case 

A3>  =  K0 
where  K  is  a  constant  and  &  is  the  deflection.  The  time  element  does 
not  enter.  The  meter,  besides  being  provided  with  a  needle,  is  also 
equipped  with  a  mirror,  so  that  measurements  may  be  taken  in  connec- 
tion with  a  lamp  and  scale.  By  this  means  the  sensitivity  may  be  in- 
creased 20  times.    For  the  present  purpose  the  lamp  and  scale  were  used 
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Fig.  67.    Mutual  Inductance  for  Calibration  of  Galvanometer  or  Fluxmeter. 

for  the  preliminary  adjustments  for  equality  of  flux,  while  the  final 
measurement  was  obtained  from  the  deflection  of  the  needle.  The  meter 
was  calibrated  to  read  in  10,000  maxwells  per  scale  division  per  turn  of 
the  search  coil.  As  the  secondary  coil,  t,  contains  126  turns  and  the 
cross-section  of  the  rod  is  .779  sq.  cm.  the  deflections  of  the  fluxmeter 
were  multiplied  by 

126  X  .779   ~~ 
in  order  to  give  ABt. 

By  comparing  the  results  obtained  with  the  fluxmeter  with  those 
obtained  with  the  galvanometer,  it  was  found  that  the  results  are  iden- 
tical for  permeabilities  up  to  4,000  or  5,000.  For  permeabilities  of  10,000 
the  results  obtained  by  the  fluxmeter  are  10  to  15  per  cent  higher,  while 

for  values  of      -p.  of  20,000  or  above,  such  as  may  occur  on  the  steepest 

part  of  the  hysteresis  loop,  the  fluxmeter  gives  results  50  to  100  per  cent 
higher  than  the  galvanometer.  The  values  of  the  standard  rod  as  obtained 
by  the  two  meters  are  shown  in  Fig.  2. 

The  preliminary  adjustments  for  equality  of  flux  are  made  very 
readily  and  accurately  with  the  fluxmeter.  If  the  two  rods  are  not  just 
alike  the  change  of  flux  may  occur  at  a  different  rate  in  one  than  in  the 
other  with  the  result  that,  if  the  initial  and  final  flux  values  are  nearly 
the  same,  the  needle  will  deflect  first  in  one  direction  and  then  in  the 
other.  While  these  two  kicks  caused  considerable  trouble  with  the  gal- 
vanometer, no  uncertainty  exists  with  the  fluxmeter.  If  the  spot  of  light 
on  the  scale  returns  to  the  same  spot  from  which  it  started  it  makes  no 
difference  what  happens  to  it  in  the  meantime.  In  that  case  it  is  defin- 
itely known  that  the  fluxes  threading  the  two  opposing  coils  are  equal. 
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ACOUSTICS  OF  AUDITOEIUMS 

An  Investigation  of  the  Acoustical  Properties  of  the  Auditorium 
at  the  University  of  Illinois. 

I.     Introduction. 

Much  concern  has  arisen  in  late  years  in  the  minds  of  architects 
because  of  the  faulty  acoustics  that  exist  in  many  auditoriums.  The 
prevalence  of  echoes  and  reverberations  with  the  consequent  difficulty 
in  hearing  and  understanding  on  the  part  of  the  auditor  defeats  the 
purpose  of  the  auditorium  and  diminishes  its  value. 

The  Auditorium  at  the  University  of  Illinois  presents  such  a  case. 
The  building  is  shaped  nearly  like  a  hemisphere,  with  several  large 
arches  and  recesses  to  break  up  the  regularity  of  its  inner  surface.  The 
original  plans  of  the  architect  were  curtailed  because  of  insufficient 
money  appropriated  for  the  construction.  The  interior  of  the  hall,  there- 
fore, was  built  absolutely  plain  with  almost  no  breaking  up  of  the  large, 
smooth  wall  surfaces;  and,  at  first,  there  were  no  furnishings  except  the 
seats  and  the  cocoa  matting  in  the  aisles.  The  acoustical  properties 
proved  to  be  very  unsatisfactory.  A  reverberation  or  undue  prolonga- 
tion of  the  sound  existed,  and  in  addition,  because  of  the  large  size  of 
the  room  and  the  form  and  position  of  the  walls,  echoes  were  set  up. 

If  an  observer  stood  on  the  platform  and  clapped  his  hands,  a 
veritable  chaos  of  sound  resulted.  Echoes  were  heard  from  every  direc- 
tion and  reverberations  continued  for  a  number  of  seconds  before  all 
..as  still  again.  Speakers  found  their  utterances  thrown  back  at  them, 
and  auditors  all  over  the  house  experienced  difficulty  in  understanding 
what  was  said.  On  one  occasion  the  University  band  played  a  piece 
which  featured  a  xylophone  solo  with  accompaniment  by  the  other  instru- 
ments. It  so  happened  that  the  leader  heard  the  echo  more  strongly 
than  the  direct  sound  and  beat  time  with  it.  Players  near  the  xylophone 
kept  time  to  the  direct  sound,  while  those  farther  away  followed  the 
echo.    The  confusion  may  well  be  imagined. 

Thus  it  seemed  that  the  Auditorium  was  doomed  to  be  an  acoustical 
horror;  that  speakers  and  singers  would  avoid  it,  and  that  auditors  would 
attend  entertain  men ts  in  it  only  under  protest.  But  the  apparent  mis- 
fortune was  in  one  way  a  benefit  since  it  provided  an  opportunity  to 
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Fig.  2.     Photograph  of  Interior.    View  of  Stage. 


Fig.  3.     Photograph  of  Interior.    View  toward  Balcony 
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study  defective  acoustics  under  exceptionally  good  conditions  and  led 
to  conclusions  that  not  only  allowed  the  Auditorium  to  be  improved  but 
also  indicate  some  of  the  pitfalls  to  be  avoided  in  future  construction  of 
other  halls. 

An  investigation  of  the  acoustical  properties  of  the  Auditorium  was 
begun  in  1908  and  has  continued  for  six  years.  It  was  decided  at  the 
outset  not  to  use  "cut  and  try"  methods  of  cure,  but  to  attack  the  prob- 
lem systematically  so  that  general  principles  could  be  found,  if  possible, 
that  would  apply  not  only  to  the  case  being  investigated  but  to  audi- 
toriums in  general.  This  plan  of  procedure  delayed  the  solution  of  the 
problem,  since  it  became  necessary  to  study  the  theory  of  sound  and 
carry  out  laboratory  investigations  at  the  same  time  that  the  complex 
conditions  in  the  Auditorium  were  being  considered.  The  author  spent 
one  year  of  the  six  abroad  studying  the  theory  of  acoustics  and  inspect- 
ing various  auditoriums. 

The  main  echoes  in  the  Auditorium  were  located  by  means  of  a  new 
method  for  tracing  the  path  of  sound,  the  time  of  reverberation  was 
determined  by  Sabine's  method,  and  a  general  diagnosis  of  the  acoustical 
defects  was  made.  Hangings  and  curtains  were  installed  in  accordance 
with  the  results  of  the  study  so  that  finally  the  acoustical  properties  were 
improved. 

Acknowledgment. — The  author  desires  to  express  his  great  appre- 
ciation of  the  advice  and  encouragement  given  by  President  E.  J. 
James,  Supervising  Architect  J.  M.  White,  and  Professor  A.  P.  Carman 
of  the  Physics  Department.  He  desires  also  to  acknowledge  the  material 
assistance  cheerfully  rendered  by  the  workmen  at  the  University,  which 
contributed  in  no  small  degree  to  the  successful  solution  of  the  problem, 

II.     Behavior  of  Sound  Waves  in  a  Eoom. 

When  a  speaker  addresses  an  audience,  the  sounds  he  utters 
proceed  in  ever  widening  spherical  waves  until  they  strike  the 
boundaries  of  the  room.  Here  the  sound  is  partly  reflected,  partly  trans- 
mitted, and  the  rest  absorbed.  The  amounts  of  reflection,  absorption 
and  transmission  depend  on  the  character  of  the  walls.  A  hard,  smooth 
wall  reflects  most  of  the  sound  so  that  but  little  is  transmitted  or 
absorbed.  In  the  case  of  a  porous  wall  or  a  yielding  wall,  the  absorp- 
tion and  transmission  are  greater,  and  the  reflection  is  less.  After 
striking  a  number  of  reflecting  surfaces,  the  energy  is  used  up  and  the 
sound  dies  out. 
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The  reflection  of  sound  produces  certain  advantages  and  disadvan- 
tages for  the  acoustics.  When  it  is  considered  that  sound  travels  about 
1100  feet  a  second  it  may  be  seen  that  a  room  of  ordinary  size  is  almost 
immediately  filled  with  sound  because  of  the  many  reflections.  In  a 
room  40  feet  square,  for  instance,  the  number  of  reflections  per  second 
between  opposite  walls  is  1100  -r-  40,  or  approximately  27.  The  num- 
ber is  really  greater  than  this,  since  the  sound  that  goes  into  the 
corners  is  reflected  much  more  frequently  than  out  in  the  middle 
where  the  distances  between  walls  are  greater.  The  result  is  that  the 
sound  mixes  thoroughly  in  all  parts  of  the  room  so  as  to  give  the  same 
average  intensity;  that  is,  the  sound  is  of  the  same  average  loudness 
for  all  auditors,  even  for  those  in  the  remotest  corners. 

Though  the  reflection  of  sound  has  the  advantage  of  fulfilling  the 
conditions  for  loudness,  it  introduces  at  the  same  time  possibilities  for 
setting  up  defective  acoustics.  For  instance,  when  the  walls  of  the  room 
are  hard  and  smooth  very  little  energy  is  lost  at  each  impact  of  the 
sound  and  many  reflections  take  place  before  it  finally  dies  out.  This 
slow  decadence  of  the  sound,  or  reverberation  as  it  is  called,  is  the  most 
common  defect  in  auditoriums. 

If  a  speaker  talks  in  such  a  hall  the  auditors  have  difficulty  in 
understanding.  Each  sound,  instead  of  dying  out  quickly,  persists  for 
some  time  so  that  the  succeeding  words  blend  with  their  predecessors 
and  set  up  a  mixture  of  sounds  which  produces  confusion.  The  cure  for 
the  trouble  is  brought  about  by  the  introduction  of  materials  such  as 
carpets,  tapestries,  and  the  like,  which  act  as  absorbers  of  sound  and 
reduce  the  time  of  reverberation. 

When  music  is  played  in  an  auditorium  with  a  prolonged  reverbera- 
tion, the  tones  following  one  another  blend  and  produce  the  same  effect 
as  that  of  a  piano  when  played  with  the  loud  pedal  in  use.  A  reverbera- 
tion is  more  advantageous  for  music  than  for  speech,  since  the  pro- 
longation and  blending  of  the  musical  tones  is  desired,  but  the  mixing 
of  the  words  in  a  speech  is  a  distinct  disadvantage.  When  curing  this 
defect  for  halls  used  for  both  music  and  speaking,  a  middle  course  must 
be  steered,  so  that  the  reverberation  is  made  somewhat  long  for  speaking 
and  somewhat  short  for  music,  yet  fairly  satisfactory  for  both. 

Going  back  to  the  consideration  of  the  reflection  of  sound,  it  is  found 
that  another  defect  may  be  produced,  namely,  an  echo.  This  is  the  case 
when  a  wall  at  some  distance  reflects  the  sound  to  the  position  of  the 
auditor.    He  hears  the  sound  first  from  the  speaker,  then  later  by  reflec- 
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tion  from  the  wall.  The  time  interval  between  the  direct  and  reflected 
sound  must  be  great  enough  to  allow  two  distinct  impressions  to  be 
made.  This  time  is  about  1/15  of  a  second,  but  varies  with  the  acute- 
ness  of  the  observer.  The  farther  off  the  wall  is,  the  greater  is  the  time 
interval  and  the  more  pronounced  is  the  echo.  If  the  wall  is  not  very 
distant,  the  time  interval  is  too  short  to  allow  two  distinct  impressions 
to  be  made,  and  the  effect  on  the  auditor  is  then  much  the  same  as  if 
his  neighbor  at  his  side  speaks  the  words  of  the  discourse  in  his  ear  at 
the  same  time  that  he  gets  them  directly  from  the  speaker.  In  case  the 
reflecting  wall  is  curved  so  as  to  focus  the  sound  the  echoes  are  much 
more  pronounced.  A  curved  wall  wherever  it  may  be  placed  in  an  audi- 
torum  is  thus  always  a  menace  to  good  acoustics. 

There  are  other  actions  of  the  sound  that  may  result  in  acoustical 
defects.  The  phenomena  of  resonance,  for  instance,  may  cause  trouble. 
Suppose  that  the  waves  of  sound  impinge  on  an  elastic  wall,  not  too 
rigid.  If  these  waves  are  timed  right  they  set  the  wall  in  vibration  in 
the  same  way  that  the  bell  ringer  causes  a  bell  to  ring  by  a  succession 
of  properly  timed  pulls  on  the  bell  rope.  The  wall  of  the  room  will  then 
vibrate  under  the  action  of  this  sound  with  which  it  is  in  tune  and  will 
reinforce  it.  Now  suppose  a  band  is  playing  in  a  room.  Certain  tones 
are  reinforced,  while  the  others  are  not  affected.  The  original  sound  is 
then  distorted.  The  action  is  the  same  on  the  voice  of  the  speaker.  The 
sounds  he  utters  are  complex  and  as  they  reach  the  walls  certain  com- 
ponents are  reinforced  and  the  quality  of  the  sound  is  changed.  This 
action  of  resonance  may  also  be  caused  by  the  air  in  a  room.  Each 
room  has  a  definite  pitch  to  which  it  responds,  the  smaller  the  volume 
of  the  room  the  higher  being  the  pitch.  A  large  auditorium  would 
respond  to  the  very  low  pitch  of  the  bass  drum.  In  small  rooms  and 
alcoves  the  response  is  made  to  higher  pitched  tones,  as  may  be  observed 
by  singing  the  different  notes  of  the  scale  until  a  resonance  is  obtained. 

Another  action  of  sound  causes  the  interference  of  waves.  Thus 
the  reflected  waves  may  meet  the  oncoming  ones  and  set  up  concentra- 
tions of  sound  in  certain  positions  and  a  dearth  of  sound  in  others. 

Summing  up,  it  is  seen  that  the  effects  of  sound  which  may  exist 
in  a  room  are  loudness,  reverberation,  echoes,  resonance,  and  interference; 
and  that  the  most  common  defects  are  reverberation  and  echoes.  We 
now  turn  to  the  discussion  of  the  methods  of  cure. 
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III.     Methods  of  Improving  Faulty  Acoustics. 

A.       REVERBERATION  AND  ITS  CURE. 

Everyone  has  doubtless  observed  that  the  hollow  reverberations  in 
an  empty  house  disappear  when  the  house  is  furnished.  So,  in  an 
auditorium,  the  reverberation  is  lessened  when  curtains,  tapestries,  and 
the  like  are  installed  in  sufficient  numbers.  The  reason  for  this  action 
is  found  when  we  inquire  what  ultimately  becomes  of  the  sound. 

Sound  is  a  form  of  energy  and  energy  can  not  be  destroyed.  When 
it  finally  dies  out,  the  sound  must  be  changed  to  some  other  form  of 
energy.  In  the  case  of  the  walls  of  a  room,  for  instance,  it  has  been 
shown  in  a  preceding  paragraph  that  the  sound  may  be  changed  into 
mechanical  energy  in  setting  these  walls  in  vibration.  Again,  some  of 
the  sound  may  pass  out  through  open  windows  and  thus  disappear.  The 
rest  of  the  sound,  according  to  Lord  Eayleigh,  is  transformed  by  friction 
into  heat.  Thus1  a  high  pitched  sound,  such  as  a  hiss,  before  it  travels 
any  great  distance  is  killed  out  by  the  friction  of  the  air.  Lower  pitched 
sounds,  on  reaching  a  wall,  set  up  a  friction  in  the  process  of  reflection 
between  the  air  particles  and  the  wall  so  that  some  of  the  energy  is  con- 
verted into  heat.2  The  amount  of  sound  energy  thus  lost  is  small  if  the 
walls  are  hard  and  smooth.  The  case  is  much  different,  however,  if  the 
walls  are  rough  and  porous,  since  it  appears  that  the  friction  in  the 
pores  dissipates  the  sound  energy  into  heat.  In  this  connection,  Lamb3 
writes :  "In  a  sufficiently  narrow  tube  the  waves  are  rapidly  stifled,  the 
mechanical  energy  lost  being  of  course  converted  into  heat.  *  *  *  * 
When  a  sound  wave  impinges  on  a  slab  which  is  permeated  by  a  large 
number  of  very  minute  channels,  part  of  the  energy  is  lost,  so  far  as 
the  sound  is  concerned,  by  dissipation  within  these  channels  in  the  wa\ 
just  explained.  The  interstices  in  hangings  and  carpets  act  in  a  similai 
manner,  and  it  is  to  this  cause  that  the  effect  of  such  appliances  in 
deadening  echoes  in  a  room  is  to  be  ascribed,  a  certain  proportion  of  the 
energy  being  lost  at  each  reflection.  It  is  to  be  observed  that  it  is  only 
through  the  action  of  true  dissipative  forces,  such  as  viscosity  and  thermal 
conduction,  that  sound  can  die  out  in  an  enclosed  space,  no  mere  modi- 
fications of  the  waves  by  irregularities  being  of  any  avail." 

It  should  be  pointed  out  in  this  connection  that  any  mechanical 
breaking  up  of  the  sound  by  relief  work  on  the  walls  or  by  obstacles  in 
the  room  will  not  primarily  diminish  the  energy  of  the  sound.   'These 


1.  "Theory    of    Sound."    Vol.    II,    p.    316. 

2.  "Theory    of    Sound."   Vol.    II.   §    351. 
8.      "Dynamical  Theory  of  Sound."  p.   19f>. 
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may  break  up  the  regular  reflection  and  eliminate  echoes,  but  the  sound 
energy  as  such  disappears  only  when  friction  is  set  up. 

The  following  quotation  from  Eayleigh1  emphasizes  these  conclu- 
sions: "In  large  spaces,  bounded  by  non-porous  walls,  roof,  and  floor, 
and  with  few  windows,  a  prolonged  resonance  seems  inevitable.  The 
mitigating  influence  of  thick  carpets  in  such  cases  is  well  known.  The 
application  of  similar  material  to  the  walls  and  roof  appears  to  offer  the 
best  chance  of  further  improvement." 

Experimental  Work  on  Cure  of  Reverberation. — The  most  impor- 
tant experimental  work  in  applying  this  principle  of  the  absorbing  power 
of  carpets,  curtains,  etc.,  has  been  done  by  Professor  Wallace  C.  Sabine 
of  Harvard  University.2  In  a  set  of  interesting  experiments  lasting 
over  a  period  of  four  years,  he  was  able  to  deduce  a  general  relation 
between  t,  the  time  of  reverberation,  V ' ,  the  volume  of  the  room,  and  a 
the  absorbing  power  of  the  different  materials  present.     Thus : 

t  =  0.164:V^-a  (1) 

For  good  acoustical  conditions,  that  is,  for  a  short  time  of  reverbera- 
tion, the  volume  V  should  be  small  and  the  absorbing  materials,  repre- 
sented by  a,  large.  This  is  the  case  in  a  small  room  with  plenty  of 
curtains  and  rugs  and  furniture.  If,  however,  the  volume  of  the  room 
is  great,  as  in  the  case  of  an  auditorium,  and  the  amount  of  absorbing 
materials  small,  a  troublesome  reverberation  will  result. 

Professor  Sabine  determined  the  absorbing  powers  of  a  number  of 
different  materials.  Calling  an  open  window  a  perfect  absorber  of  sound, 
the  results  obtained  may  be  written  approximately  as  follows : 

One  square  meter  of  open    window    space 1.000 

One  square  meter  of  glass,  plaster,  or  brick .025 

One  square  meter  of  heavy  rugs,  curtains,  etc 25 

One  square  meter  of  hair  felt,   1  inch  thick 75 

One  square  meter  of  audience    96 

These  values,  together  with  the  formula,  allow  a  calculation  to  be 
made  in  advance  of  construction  for  the  time  of  reverberation.  This 
pioneer  work  cleared  the  subject  of  architectural  acoustics  from  the  fog 
of  mystery  that  hung  over  it  and  allowed  the  essential  principles  to  be 
seen  in  the  light  of  scientific  experiment. 

In  a  later  investigation3  Sabine  showed  that  the  reverberation  de- 
pended also  on  the  pitch  of  sound.     As  a  concrete  example,  the  high 

1.  "Theory  of  Sound,"  p.  333. 

2.  "Architectural  Acoustics."     A  series  of  articles  in  the  Engineering  Record,  1900;  also 
the  American  Architect,  1900. 

3.  "Architectural  Acoustics,"   Proc.   of  Amer.  Acad,   of  Arts  and  Sciences.    Vol.   42,  pp. 
49-84,  1906. 
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notes  of  a  violin  might  be  less  reverberant  with  a  large  audience  than 
the  lower  tones  of  the  bass  viol,  although  both  might  have  the  same 
reverberation  in  the  room  with  no  audience.  Again,  the  voice  of  a  man 
with  notes  of  low  pitch  might  give  satisfactory  results  in  an  auditorium 
while  the  voice  of  a  woman  with  higher  pitched  notes  would  be  unsatis- 
factory. 

These  considerations  show  that  the  acoustics  in  an  auditorium  vary 
with  other  factors  than  the  volume  of  the  room  and  the  amount  of 
absorbing  material  present.  The  audience  may  be  large  or  small,  the 
speaker's  voice  high  or  low,  the  entertainment  a  musical  number  or  an 
address.  The  best  arrangement  for  good  acoustics  is  then  a  compromise 
where  the  average  conditions  are  satisfied.  The  solution  offered  by 
Professor  Sabine  is  such  an  average  one,  and  has  proved  satisfactory  in 
practice. 

The  problem  of  architectural  acoustics  has  been  attacked  experi- 
mentally by  other  workers.  Stewart1  proposed  a  cure  for  the  poor 
acoustical  conditions  in  the  Sibley  Auditorium  at  Cornell  University. 
His  experiments  confirmed  the  work  of  Sabine.  Marage2,  after  investi- 
gating the  properties  of  six  halls  in  Paris,  approved  Sabine's  results  and 
advocated  a  time  of  reverberation  of  from  %  to  1  second  for  the  case  of 
speech. 

Formulae  for  Reverberation  of  Sound  in  a  Room. — On  the  theor- 
etical side,  Sabine's  formula  has  been  developed  by  Franklin,3  who 
obtained  the  relation  t  =  0.1625  V  -=-  a,  an  interesting  confirmation, 
since  Sabine's  experimental  value  for  the  constant  was  0.164. 

A  later  development  has  been  given  by  Jager/  who  assumes  for  a 
room  whose  dimensions  are  not  greater  than  about  60  feet,  that  the 
sound,  after  filling  the  room,  passes  equally  in  all  directions  through 
any  point,  and  that  the  average  energy  is  the  same  in  different  parts  of 
the  room.  By  using  the  theory  of  probability  and  considering  that  a 
beam  of  sound  in  any  direction  may  be  likened  to  a  particle  with  a 
definite  velocity,  he  was  able  to  deduce  Sabine's  formula  and  write  down 
the  factors  that  enter  into  the  constants.  Applying  his  results  to  the 
case  of  reflection  of  sound  from  a  wall,  he  showed  that  sound  would  be 
reflected  in  greater  volume  when  the  mass  of  the  wall  was  increased  and 


1.  G.  W.  Stewart.  "Architectural  Acoustics,"  Sibley  Journal  of  Engineering,  M.iy. 
1903.     Published  by  Cornell   University,   Ithaca.   N.   V. 

2.  "Qualites  acoustiques  de  ctrtaines  salles  pour  la  voix  parlee."  Comptes  Rendus.  142, 
878,  1906. 

8.  W.  S.  Franklin.  "Derivation  of  Equation  of  Decaying  Sound  in  a  Room  and  Defi- 
nition of  Open  Window  Equivalent  of  Absorbing  Power."  Physical  Review,  Vol.  16,  pp. 
372-374,  1903. 

4.  G.  Jager.  "Zur  Theorie  des  Nachhalls."  Sitzungsberichte  der  Kaiserliche  Akad. 
der  Wissenschaften  in  Wien,  Math-naturw.  Klasse;  Bd.  CXX.  Abt.  11  a.  Mai,  1911. 
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the  pitch  of  the  sound  made  higher.  He  showed  also  that  when  sound 
impinges  on  a  porous  wall,  more  energy  is  absorbed  when  the  pitch  of 
the  sound  is  high  than  when  it  is  low,  since  the  vibrations  of  the  air 
are  more  frequent,  and  more  friction  is  introduced  in  the  interstices 
of  the  material. 

B.      ECHOES  AND  THEIR  REMEDY. 

An  echo  is  set  up  by  a  reflecting  wall.  If  an  observer  stands  some 
distance  from  the  front  of  a  cliff  and  claps  his  hands,  or  shouts,  he 
finds  that  the  sound  is  returned  to  him  from  the  cliff  as  an  echo. 
So,  in  an  auditorium,  an  auditor  near  the  speaker  gets  the  sound  first 
directly  from  the  speaker,  then,  an  instant  later,  a  strong  repetition  of 
the  sound  by  reflection  from  a  distant  wall.  This  echo  is  more  pro- 
nounced if  the  wall  is  curved  and  the  auditor  is  at  the  point  where  the 
sound  is  focused. 

To  cure  such  an  echo,  two  methods  may  be  considered.  One  method 
consists  in  changing  the  form  of  the  wall  so  that  the  reflected  sound  no 
longer  sets  up  the  echo.  That  is,  either  change  the  angle  of  the  wall, 
so  that  the  reflected  sound  is  sent  in  a  new  direction  where  it  may  be 
absorbed  or  where  it  may  reinforce  the  direct  sound  without  producing 
any  echoes,  or  else  modify  the  surface  of  the  wall  by  relief  work  or  by 
panels  of  absorbing  material,  so  that  the  strong  reflected  wave  is  broken 
up  and  the  sound  is  scattered.  The  second  method  is  to  make  the 
reflecting  wall  a  "perfect"  absorber,  so  that  the  incident  sound  is  swal- 
lowed up  and  little  or  none  reflected.  These  methods  have  been  desig- 
nated as  "surgical"  and  "medicinal"  respectively.  Each  method  has  its 
disadvantages.  Changing  the  form  of  the  walls  in  an  auditorium  is 
likely  to  do  violence  to  the  architectural  design.  On  the  other  hand,  there 
are  no  perfect  absorbers,  except  open  windows,  and  these  can  seldom  be 
applied.  The  cure  in  each  case  is,  then,  a  matter  of  study  of  the  special 
conditions  of  the  auditorium.  Usually  a  combination  of  the  surgical  and 
the  medicinal  cures  is  adopted.  Tor  instance,  coffering  a  wall  so  that 
panels  of  absorbing  material  may  be  introduced  has  been  found  to  work 
well  in  bettering  the  acoustics,  and  also,  in  may  cases,  it  fits  in  with 
the  architectural  features. 

C.      POPULAR     CONCEPTION     OF     CURES. — USE    OF    WIRES    AND    SOUNDING 

BOARDS. 

A  few  words  should  be  written  concerning  the  popular  notion  that 
wires  and  sounding  boards  are  effective  in  curing  faulty  acoustics. 
Experiments  and  observations  show  that  wires  are  of  practically  no 
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benefit,  and  sounding  boards  can  be  used  only  in  special  cases.  "Wires 
stretched  in  a  room  scarcely  affect  the  sound,  since  they  present  too  small 
a  surface  to  disturb  the  waves.  They  have  much  the  same  effect  on 
sound  waves  that  a  fish  line  in  the  water  has  on  water  waves.  The  idea 
has,  perhaps,  grown  into  prominence  because  of  the  action  of  a  piano 
in  responding  to  the  notes  of  a  singer.  The  piano  has  every  advantage 
over  a  wire  in  an  auditorium.  It  has  a  large  number  of  strings  tuned 
to  different  pitches  so  that  it  responds  to  any  note  sung.  It  also  has  a 
sounding  board  that  reinforces  strongly  the  sound  of  the  strings.  Finally, 
the  singer  is  usually  near  the  piano.  The  wire  in  the  auditorium  responds 
to  only  one  tone  of  the  many  likely  to  be  present,  it  has  no  sounding 
board,  and  the  singer  is  some  distance  away.  But  little  effect,  therefore, 
is  to  be  expected. 

The  author  has  visited  a  number  of  halls  where  wires  have  been 
installed,  and  has  yet  to  find  a  case  where  pronounced  improvement  has 
resulted.1  Sabine2  cites  a  case  where  five  miles  of  wire  were  stretched 
in  a  hall  without  helping  the  acoustical  conditions.  It  is  curious  that 
so  erroneous  a  conception  has  grown  up  in  the  public  mind  with  so  little 
experimental  basis  to  support  it. 

Sounding  Boards. — Sounding  boards  or,  more  properly,  reflecting 
boards,  have  value  in  special  cases.  Some  experiments  are  described 
later  where  pronounced  effects  were  obtained.  The  sounding  board 
should  be  of  special  design  to  fit  the  conditions  under  which  it  is  to 
be  used. 

Modeling  New  Auditoriums  after  Old  Ones  with  Good  Acoustics. — 
Another  suggestion  often  made  is  for  achitects  to  model  auditoriums 
after  those  already  built  that  have  good  acoustical  properties.  It  does 
not  follow  that  halls  so  modeled  will  be  successful,  since  the  materials 
used  in  construction  are  not  the  same  year  after  year.  For  instance, 
a  few  years  ago  it  was  the  usual  custom  to  put  lime  plaster  on  wooden 
lath ;  now  it  is  frequently  the  practice  to  put  gypsum  plaster  on  metal 
lath,  which  forms  an  entirely  different  kind  of  a  surface.  This  latter 
arrangement  makes  hard,  non-porous  walls  which  absorb  but  little 
sound,  and  thus  aggravate  the  reverberation.  Further,  a  new  hall 
usually  is  changed  somewhat  in  form  from  the  old  one,  to  suit  the 
ideas  of  the  architect,  and  it  is  very  likely  that  the  changes  will  affect 
the  acoustics. 


1.  Science    Vol.   35,   p.   833.   1012. 

2.  Arch.  Quarterly  of  Harvard  University,  March,  1912. 
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D.      THE  EFFECT  OF  THE  VENTILATION  SYSTEM  ON  THE  ACOUSTICS. 

At  first  thought  it  might  seem  that  the  ventilation  system  in  a  room 
would  affect  the  acoustical  properties.  The  air  is  the  medium  that 
transmits  the  sound.  It  has  been  shown  that  the  wind  has  an  action  in 
changing  the  direction  of  propagation  of  sound.1  Sound  is  also  reflected 
and  refracted  at  the  boundary  of  gases  that  differ  in  density  and  tem- 
perature.2 It  is  found,  however,  that  the  effect  of  the  usual  ventilation 
currents  on  the  acoustics  in  an  auditorium  is  small.  The  temperature 
difference  between  the  heated  current  and  the  air  in  the  room  is  not 
great  enough  to  affect  the  sound  appreciably,  and  the  motion  of  the 
current  is  too  slow  and  over  too  short  a  distance  to  change  the  action 
of  the  sound  to  any  marked  extent.3 

Under  special  circumstances,  the  heating  and  ventilating  systems 
may  prove  disadvantageous.4  A  hot  stove  or  a  current  of  hot  air  in  the 
center  of  the  room  will  seriously  disturb  the  action  of  sound.  Any 
irregularity  in  the  air  currents  so  that  sheets  of  cold  and  heated  air 
fluctuate  about  the  room  will  also  modify  the  regular  action  of  the  sound 
and  produce  confusion.  The  object  to  be  striven  for  is  to  keep  the  air 
in  the  room  as  homogeneous  and  steady  as  possible.  Hot  stoves,  radia- 
tors, and  currents  of  heated  air  should  be  kept  near  the  walls  and  out 
of  the  center  of  the  room.  It  is  of  some  small  advantage  to  have  the 
ventilation  current  go  in  the  same  direction  that  the  sound  is  to  go, 
since  a  wind  tends  to  carry  the  sound  with  it. 

IV.     The  Investigation  in  the  Auditorium  at  the  University  of 

Illinois. 

a.  preliminary  work. 
As  already  stated,  a  chaos  of  sound  was  set  up  when  an  observer 
in  the  Auditorium  spoke  or  shouted  or  clapped  his  hands.  Both  echoes 
and  reverberations  were  present  and  could  be  heard  in  all  parts  of  the 
room,  though  the  echoes  seemed  to  be  strongest  on  the  stage  and  in  the 
balcony.  The  prospects  for  bettering  the  acoustics  were  not  very 
encouraging.  Luckily,  the  cure  for  the  reverberation  was  fairly  simple, 
since  Sabine's  method  gave  a  definite  procedure  that  could  be  applied 
to  this  case.  The  cure  for  the  echo,  however,  was  yet  to  be  found.  It 
was  first  necessary  to  find  out  which  walls  set  up  the  defect. 


1.  Osborne  Reynolds.     Proc.  of  Royal  Soc,  Vol.  XXII,  p.  531,  1874. 

2.  Joseph  Henry,   "Report  of  the  Lighthouse  Board  of  the   United   States   for  the  year 
1874." 

J.  Tyndall,  Phil.  Trans.,  1874. 
S.     Sabine,  Engineering  Record,  Vol.  61,  p.  779,  1910. 

Watson,  Engineering  Record,  Vol.  67,  p.  265,   1913. 
4.     Sabine  and  Watson.     Ibid. 
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The  attempt  to  locate  echoes  by  generating  a  sound  and  listening 
with  the  ear  met  with  only  partial  success.  The  ear  is  sensitive  enough 
but  becomes  confused  when  many  echoes  are  present,  coming  apparently 
from  every  direction,  so  that  the  evidence  thus  obtained  is  not  altogether 
conclusive.  It  became  apparent  that  the  successful  solution  lay  in  fixing 
the  attention  on  the  sound  going  in  a  particular  direction  and  finding 
out  where  it  went  after  reflection;  then  tracing  out  the  path  in  another 
particular  direction,  and  so  on  until  the  evidence  obtained  gave  some 
hint  of  the  general  action  of  the  sound. 


Fig.  4.    Watch  as  Source  of  Sound,  Backed  by  a  Concave  Reflector. 

The  first  step  in  the  application  of  this  principle  was  to  use  a 
faint  sound  which  could  not  be  heard  at  any  great  distance  unless 
reinforced  in  some  way.  The  ticks  of  a  watch  were  directed,  by  means 
of  a  reflector  (Fig.  4)  to  certain  walls  suspected  of  giving  echoes.  Using 
the  relation  that  the  angle  of  incidence  equals  the  angle  of  reflection, 
the  reflected  sound  was  readily  located,  and  the  watch  ticks  heard  dis- 
tinctly after  they  had  traveled  a  total  distance  as  great  as  70  to  80  feet 
from  the  source. 

In  a  later  experiment,  a  metronome  was  used  which  gave  a  louder 
sound.  It  was  enclosed  in  a  sound-proof  structure  (Fig.  5)  with  only 
one  opening,  so  that  the  sound  could  be  directed  by  means  of  a  horn. 
This  method  was  suggested  by  the  work  of  Gustav  Lyon  in  the  Hall  of 
the  Trocadero  at  Paris,*  where  a  somewhat  similar  arrangement  was 
used.  The  method  was  successful  and  verified  the  observations  taken 
previously. 


•La  Nature  (Paris),  April  24,  1909. 
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Metronome  as  Source  of  Sound. 


Though  the  results  obtained  with  the  watch  and  metronome  seemed 
conclusive,  yet  the  observer  was  not  always  confident  of  the  results. 
A  further  method  was  sought,  and  a  more  satisfactory  one  found 
by  using  an  alternating  current  arc-light  at  the  focus  of  a  para- 
bolic reflector  (Fig.  6).  In  addition  to  the  light,  the  arc  gave  forth  a 
hissing  sound,  which  was  of  short  wave  length  and  therefore  experienced 
but  little  diffraction.  The  bundle  of  light  rays  was,  therefore,  accom- 
panied by  a  bundle  of  sound,  both  coming  from  the  same  source  and 


Fig.  6.    Arc-light  as  Source  of  Sound. 

subject  to  the  same  law  of  reflection.  The  path  of  the  sound  was  easily 
found  by  noting  the  position  of  the  spot  of  light  on  the  wall.  The  re- 
flected sound  was  located  by  applying  the  relation  that  the  angles  of 
incidence  and  reflection  are  equal.  The  arc-light  sound  was  intense  and 
gave  the  observer  confidence  in  results  that  was  lacking  in  the  other 
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methods.  To  trace  successive  reflections,  small  mirrors  were  fastened 
to  the  reflecting  walls  so  that  the  path  of  the  reflected  sound  was  indi- 
cated by  the  reflected  light.  A  "'diagnosis"  of  the  acoustical  troubles  of 
the  Auditorium  was  then  made  by  this  method. 

It  should  be  noted  here  that  the  arc-light  sound  is  not  the  same 
as  the  sounds  of  music  or  speech,  these  latter  ones  being  of  lower  pitch 
and  of  longer  wave  length.  It  was,  therefore,  a  matter  of  doubt  whether 
the  results  obtained  would  hold  also  for  the  case  of  speech  or  music. 
Tests  made  by  observers  stationed  in  the  Auditorium  when  musical 
numbers  and  speeches  were  rendered,  however,  verified  the  general  con- 
clusions obtained  with  the  arc-light. 

It  should  be  pointed  out  in  this  connection  that  there  is  an  objection 
to  applying  the  "ray"  method  of  geometrical  optics  to  the  case  of  sound. 
It  is  much  more  difficult  to  get  a  ray  of  sound  than  it  is  to  get  a  ray  of 
light.*  This  is  due  to  the  difference  in  the  wave  lengths  in  the  two 
cases.  It  appears  that  the  waves  are  diffracted,  or  spread  out,  in  propor- 
tion to  their  length,  the  longer  waves  being  spread  out  to  a  greater 
extent.  The  short  waves  of  light  from  the  sun,  for  instance,  as  they 
come  through  a  window  mark  out  a  sharp  pattern  on  the  floor,  which 
shows  that  the  waves  proceed  in  straight  lines  with  but  little  diffraction 
or  spreading.  Far  different  is  it  with  the  longer  waves  of  sound.  If 
the  window  is  open,  we  are  able  to  hear  practically  all  the  sounds  from 
outdoors,  even  that  of  a  wagon  around  the  corner,  although  we  may  be 
at  the  other  end  of  the  room  away  from  the  window.  The  longer  sound 
waves  spread  out  and  bend  at  right  angles  around  corners,  so  that  it  is 
almost  impossible  to  get  a  sound  shadow  with  them.  Furthermore,  in 
the  matter  of  reflection,  it  appears  that  the  area  of  the  reflecting  wall 
must  be  comparable  with  the  length  of  the  waves  being  reflected.  In 
the  case  of  light,  the  waves  are  very  minute,  hence  a  mirror  can  be  very 
small  and  yet  be  able  to  set  up  a  reflection ;  but  sound  waves  are  of  greater 
length,  the  average  wave  length  of  speech  (45  cm.)  being  about  700  000 
times  longer  than  the  wave  length  of  yellow  light  (.00006  cm.),  hence 
the  reflecting  surface  must  be  correspondingly  larger.  An  illustration 
will  perhaps  make  this  clearer.  Suppose  a  post  one  foot  square  projects 
through  a  water  surface.  The  small  ripples  on  the  water  will  be  reflected 
easily  from  the  post,  but  the  large  water  waves  pass  by  almost  as  if  the 
post  were  not  there.  The  reflecting  surface  must  have  an  area  com- 
parable with  the  size  of  the  wave  if  it  is  to  cause  an  effective  reflection. 
Relief  work  in  auditoriums,  if  of  small  dimensions,  will  affect  only  the 
high  pitched  sounds,  i.  e.,  those  of  short  wave  length,  while  the  low 


•Rayleigh   "Theory   of   Sound,"   Vol.    II,   §  283. 
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pitched  sounds  of  long  wave  length  are  reflected  much  the  same  as  from 
a  rather  rough  wall.  It  is  also  shown  that  the  area  of  the  reflecting 
surface  is  dependent  on  its  distance  from  the  source  of  sound  and  from 
the  observer;  the  greater  these  distances  are  the  larger  must  be  the 
reflecting  surface.* 

These  considerations  all  show  that  the  reflection  of  sound  is  a 
complicated  matter.  The  dimensions  of  a  wall  to  reflect  sound,  or  of 
relief  work  to  scatter  it,  are  determined  by  the  wave  length  and  by  the 
various  other  factors  mentioned.  It  should  be  said  with  caution  that  a 
"ray"  of  sound  is  reflected  in  a  definite  way  from  a  small  bit  of  relief 
work.  We  must  deal  with  bundles  of  sound,  not  too  sharply  bounded, 
and  have  them  strike  surfaces  of  considerable  area  in  order  to  produce 
reflections  with  any  completeness. 


Longitudinal  Section  Showing  the  Chief  Concentrations  of  Sound, 
the  Diffraction  Effects  Being  Disregarded. 


B.      DETAILS  OF  THE  ACOUSTICAL  SURVEY  IN  THE  AUDITORIUM. 

The  general  effect  of  the  walls  of  the  Auditorium  on  the  sound  may 
be  anticipated  by  considering  analogous  cases  in  geometrical  optics,  but 
with  the  restrictions  on  "rays"  described  in  the  preceding  paragraph. 
The  sound  does  not  actually  confine  itself  to  the  sharp  boundaries  shown. 
The  diagrams  are  intended  to  indicate  the  main  effect  of  the  sound  in 
the  region  so  bounded.  Fig.  7  gives  such  an  idea  for  the  concentration 
of  sound  in  the  longitudinal  section  of  the  Auditorium. 


*Rayleigh,  ibid,  283. 


18 


ILLINOIS  ENGINEERING  EXPERIMENT  STATION 


The  plan  followed  in  the  experimental  work  was  to  anticipate  the 
path  of  the  sound  as  indicated  in  Fig.  7,  then  to  verify  the  results  with 
the  arc-light  reflector.  Figs.  8  and  9  show  the  effect  of  the  rear  wall 
in  the  balcony  in  forming  echoes  on  the  stage.  The  speaker  was  particu- 
larly unfortunate,  being  afflicted  with  no  less  than  ten  echoes. 


Fig.  8.    Longitudinal    Section    Showing    how    Sound    Is    Returned   to   the 
Stage  to  Form  an  Echo. 


Fig.  9.    Longitudinal  Section   Showing  Formation  of  Echo  on  the  Stage. 


The  hard,  smooth,  circular  wall  bounding  the  main  floor  under  the 
balcony  gave  echoes  as  shown  in  Fig.  10,  the  sound  going  also  in  the 
reverse  direction  of  the  arrows. 
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Fig.  10.    Plan  of  Auditorium  Showing  Action  of  Rear  Wall  on  the  Sound. 


FLOOR.  PLAN 

Fig.  11.    Plan  of  Auditorium  Showing  Concentration  of  Sound  by  the 

Rear  Wall. 
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Fig.  12.     This  Figure  Taken  with  Fig.  9  Shows  How  an  Echo  Is  Set  Up  on 

the  Stage. 

A  more  comprehensive  idea  of  the  action  of  this  wall  is  shown  in 
Fig.  11.  This  reflected  sound  was  small  in  amount  and  therefore  not 
a  serious  disadvantage. 

The  cases  cited  were  fairly  easy  to  determine  since  the  bundles  of 
sound  considered  were  confined  closely  to  either  a  vertical  or  a  hori- 
zontal plane  for  which  the  plans  of  the  building  gave  some  idea  of  the 
probable  path  of  the  sound.  For  other  planes,  the  paths  followed  could 
be  anticipated  by  analogy  from  the  results  already  found.  Fig.  12  shows 
in  perspective  the  development  of  the  result  expressed  in  Fig.  9. 

A  square  bundle  of  sound  starts  from  the  stage  and  strikes  the 
spherical  surface  of  the  dome.  After  reflection,  it  is  brought  to  a  point 
focus,  as  shown,  and  spreads  out  until  it  strikes  the  vertical  cylindrical 
wall  in  the  rear  of  the  balcony.  This  wall  reflects  it  to  a  line  focus, 
after  which  it  proceeds  to  the  stage.  Auditors  on  all  parts  of  the  stage 
complained  of  hearing  echoes. 
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Eef erring  to  Fig.  7,  it  is  seen  that  the  arch  over  the  stage  reflects 
sound  back  to  the  stage.  Fig.  13  shows  in  perspective  the  focusing 
action  of  this  overhead  arch.    Fig.  14  shows  the  effect  of  the  second  arch. 


Fig.  13.     Perspective  of  Stage  Showing  Focusing  Action  of  Arch  on  Sound. 


Some  of  this  sound  is  reflected  to  the  stage  and  to  the  seats  in  front  of 
the  stage ;  other  portions,  striking  more  nearly  horizontally,  are  reflected 
to  the  side  balconies.  The  echoes  are  not  strong  except  for  high  pitched 
notes  with  short  wave  lengths,  since  the  width  of  the  arch  is  small. 

Passing  now  to  the  transverse  section,  Fig.  15,  we  find  the  most 
pronounced  echoes  in  the  Auditorium.  If  an  observer  generates  a  sound 
in  the  middle  of  the  room  directly  under  the  center  of  the  skylight, 
distinct  echoes  are  set  up.  A  bundle  of  sound  passes  to  the  concave  sur- 
face which  converges  the  sound  to  a  focus,  after  which  it  spreads  out 
again  to  the  other  concave  surface  and  is  again  converged  to  a  focus 
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Fig.  14.    Perspective  of  Stage  Showing  Focusing  Action  of  Second  Arch 


Fig.  15.    Transverse  Section   Showing   how  Most  Pronounced  Echoes  Are 
Set  Up  by  the  Two  Concave  Surfaces. 
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nearly  at  the  starting  point.  The  distance  traveled  is  about  225  feet, 
taking  about  %  second,  so  that  the  conditions  are  right  for  setting  up 
a  strong  echo.  This  echo  is  duplicated  by  the  sound  which  goes  in  the 
reverse  of  the  path  just  described.  Another  echo,  somewhat  less  strong, 
is  formed  by  the  sound  that  goes  to  the  dome  overhead  and  which  is 
reflected  almost  straight  back,  since  the  observer  is  nearly  at  the  center 
of  the  sphere  of  which  the  dome  is  a  part.  These  echoes  repeat  them- 
selves, for  the  sound  does  not  stop  on  reaching  the  starting  point  but 
is  reflected  from  the  floor  and  repeats  the  action  just  described.  As 
many  as  ten  distinct  echoes  have  been  generated  by  a  single  impulse 
of  sound. 


Fig.  16.    Action  of  Sound  in  Causing  Echo  on  the  Stage. 

The  echo  shown  in  Fig.  15  is  repeated  in  a  somewhat  modified  form 
for  a  sound  generated  on  the  stage  by  a  speaker.  Fig.  16  shows  the 
path  taken  by  the  souDd.  This  echo  is  duplicated  by  the  sound  that 
goes  in  the  reverse  direction  of  the  arrows,  so  the  speaker  is  greeted  from 
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both  sides.  Fig.  17  is  a  perspective  showing  the  path.  The  sound  does 
not  confine  itself  closely  to  a  geometrical  pattern,  as  shown  in  the  picture, 
but  spreads  out  by  diffraction.    The  main  effect  is  shown  by  the  figure. 


Fig.  17.     Perspective  Showing  how   an   Echo   Is   Formed  on  the   Stage  by 

Two  Reflections.     Diffraction  Effects  Are  Not  Considered 

in  this  Drawing. 


Thus  far  only  the  echoes  that  reached  the  stage  have  been  described. 
Other  echoes  were  found  in  other  parts  of  the  hall,  and  it  seemed  that 
few  places  were  free  from  them.  The  side  walls  in  the  balcony,  for 
instance,  were  instrumental  in  causing  strong  echoes  in  the  rear  of  the 
balcony.  Fig.  18  shows  in  perspective  the  action  of  one  of  these  walls. 
These  two  surfaces  were  similar  in  shape  and  symmetrically  placed. 
Each  was  the  upper  portion  of  a  concave  surface  with  its  center  of 
curvature  in  the  center  of  the  building  under  the  dome.  The  general 
effect  of  the  left  hand  wall  was  to  concentrate  the  sound  falling  on  it 
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in  the  right  hand  seats  in  the  balcony.  Some  of  the  sound  struck  the 
opposite  wall  and  was  reflected  to  the  stage,  as  shown  in  Fig.  17. 
Auditors  who  sought  the  furthermost  rear  seats  in  the  balcony  to  escape 
echoes  were  thus  caught  by  this  unexpected  action  of  the  sound.  The 
right  hand  wall  acted  in  a  similar  way  to  send  the  sound  to  the  upper 
left  balcony. 


Fig.  18.    Perspective    Showing    Sound    Reflected   from    Concave    Wall    in 
Balcony.     Diffraction  Not  Considered. 


The  dome  surface  concentrates  most  of  its  sound  near  the  front 
of  the  central  portion  of  the  balcony  and  the  ground  floor  in  front  of 
the  balcony  in  the  form  of  a  caustic  cone.  Figs.  7,  9  and  11  give  some 
conception  of  how  a  concentration  of  sound  is  caused  by  this  spherical 
surface.  The  echo  in  the  front  portion  of  the  balcony  was  especially 
distinct.  On  one  occasion,  in  this  place,  the  author  was  able  to  hear  the 
speaker  more  clearly  from  the  echo  than  by  listening  to  the  direct  sound. 
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Minor  echoes  were  set  up  by  the  horizontal  arch  surfaces  in  the 
balcony.  The  sound  from  the  stage  was  concentrated  by  reflection  from 
these  surfaces  and  then  passed  to  a  second  reflection  from  the  concave 
surfaces  back  of  them.  Auditors  in  the  side  balcony  were  thus  disagree- 
ably startled  by  having  sound  come  from  overhead  from  the  rear. 

C.      CONCLUSION  DRAWN  FROM  THE  ACOUSTICAL  SURVEY. 

The  results  of  the  survey  show  that  curved  walls  are  largely  respon- 
sible for  the  formation  of  echoes  because  they  concentrate  the  reflected 
sound.  It  seems  desirable,  therefore,  to  emphasize  the  danger  of  using 
such  walls  unless  their  action  is  annulled  by  absorbing  materials  or  relief 
work.  Large  halls  with  curved  walls  are  almost  sure  to  have  acoustical 
defects. 

D.      METHODS  EMPLOYED  TO  IMPROVE  THE  ACOUSTICS. 

Reflecting  Boards. — The  provisional  cure  was  brought  about  grad- 
ually by  trying  different  devices  suggested  by  the  diagnosis.  In  one  set 
of  experiments  sounding  boards  of  various  shapes  and  sizes  were  used. 
A  flat  board  about  five  feet  square  placed  at  an  incline  over  the  position 
of  the  speaker  produced  little  effect.  A  larger  canvas  surface,  about 
12  by  20  feet,  was  not  much  better.  A  parabolic  reflector,  however, 
gave  a  pronounced  effect.  This  reflector  was  mounted  over  a  pulpit  at 
one  end  of  the  stage  and  served  to  intercept  much  of  the  sound  that 
otherwise  would  have  gone  to  the  dome  and  produced  echoes.  The 
path  of  the  reflected  sound  was  parallel  to  the  axis  of  the  paraboloid  of 
which  the  reflector  was  a  quarter  section.  There  was  no  difficulty  in 
tracing  out  the  reflected  sound.  Auditors  in  the  path  of  the  reflected 
rays  reported  an  echo,  but  auditors  in  other  parts  of  the  Auditorium 
were  remarkably  free  from  the  usual  troubles.  The  device  was  not  used 
permanently,  since  many  speakers  objected  to  the  raised  platform.  More- 
over, it  was  not  a  complete  cure,  since  it  was  not  suited  for  band  con- 
certs and  other  events,  where  the  entire  stage  was  used.  Another  reflector 
similar  in  shape  to  the  one  just  described  is  shown  in  Figs.  21  and  22. 

Sabine's  Method. — The  time  of  reverberation  was  determined  by 
Sabine's  method.  An  organ  pipe  making  approximately  526  vibrations 
a  second  was  blown  for  about  three  seconds  and  then  stopped.  An 
auditor  listened  to  the  decreasing  sound,  and  when  it  died  out  made 
a  record  electrically  on  a  chronograph  drum.  The  time  of  reverberation 
was  found  to  be  5.90  seconds,  this  being  the  mean  of  19  sets  of  measure- 
ments, each  of  about  20  observations.  The  reverberation  was  found  also 
by  calculation  from  Sabine's  equation  (see  Section  III),  taking  the 
volume  of  the  Auditorium  as  11  800  cubic  meters  and  calculating  the 


WATSON — ACOUSTICS   OP  AUDITORIUMS 


27 


Fig.  19.    Reflecting  Board  in  Process  of  Construction. 


Fig.  20.    Finished  Reflector.    Hard  Plaster  on  Wire  Lath. 


ILLINOIS  ENGINEERING  EXPERIMENT   STATION 


Fig.  21.     Parabolic  Reflector  Showing  Its  Action  on  Sound. 


Fig.  22.     Photograph  of  Parabolic  Reflector. 
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absorbing  power  of  all  the  surfaces  in  the  room.  This  calculation  gave 
6.4  seconds.  The  agreement  between  the  two  results  is  as  close  as 
could  be  expected,  since  neither  the  intensity  of  the  sound  nor  the 
pitch  used  by  the  author  was  the  same  as  those  used  by  Professor  Sabine, 
and  both  of  these  factors  affect  the  time  of  reverberation. 

Several  years  later  the  time  of  reverberation  was  again  determined 
after  certain  changes  had  been  made.  A  thick  carpet  had  been  placed 
on  the  stage,  heavy  velour  curtains  18  by  32  feet  in  area  hung  on  the 
wall  at  the  rear  of  the  stage,  a  large  canvas  painting  400  square  feet  in 
area  was  installed,  and  the  glass  removed  from  the  skylight  in  the  ceiling. 
The  time  of  reverberation  was  reduced  to  4.8  seconds.  With  an  audience 
present  this  value  was  reduced  still  more,  and  when  the  hall  was 
crowded  at  commencement  time  the  reverberation  was  not  troublesome. 

Method  of  Eliminating  Echoes. — Although  the  time  of  reverberation 
was  reduced  to  be  fairly  satisfactory,  as  just  explained,  the  echoes  still 
persisted,  and  were  very  annoying.  iUtempts  were  made  to  reduce 
individual  echoes  by  hanging  cotton  flannel  on  the  walls  at  critical 
points.  Thus  the  shaded  areas  in  Fig.  17  were  covered  and  also  the 
entire  rear  wall  in  the  balcony.  Pronounced  echoes  still  remained,  and 
it  was  evident  that  some  drastic  action  was  necessary  to  alleviate  this 
condition.  Four  large  canvases,  shown  in  Figs.  23  and  24,  were  then 
hung  in  the  dome  in  position  suggested  by  the  results  of  the  diagnosis. 
A  very  decided  improvement  followed.  For  the  first  time  the  echoes 
were  reduced  to  a  marked  degree  and  speakers  on  the  stage  could  talk 
without  the  usual  annoyance.  This  arrangement  eliminated  the  echoes 
not  only  on  the  stage,  but  generally  all  over  the  house.  A  number  of 
minor  echoes  were  still  left,  but  the  conditions  were  much  improved, 
especially  when  a  large  audience  was  present  to  reduce  the  reverberation. 

Proposed  Final  Cure. — The  state  of  affairs  just  described  is  the 
condition  at  the  time  of  writing.  Two  propositions  were  considered  in 
planning  the  final  cure.  One  proposition  involved  a  complete  remodeling 
of  the  interior  of  the  Auditorium.  Plans  of  an  interior  were  drawn  in 
accordance  with  the  results  of  the  experimental  work  that  would  probably 
give  satisfactory  acoustics.  This  proposition  was  not  carried  out  because 
of  the  expense  and  because  it  was  thought  desirable  to  attempt  a  cure 
without  changing  the  shape  of  the  room.  The  latter  plan  is  the  one 
now  being  followed.  It  is  proposed  to  replace  the  present  unsightly 
curtains  with  materials  which  will  conform  to  the  architectural  features 
of  the  Auditorium  and  which  will  have  a  pleasing  color  scheme.  At 
the  same  time,  it  will  be  necessary  to  hold  to  the  features  which  have 
improved  the  acoustics. 
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Fig.  23.    Photograph  of  Two  of  the  Canvas  Curtains  in  the  Dome  of  the 
Auditorium.     Note  also  the  Absorbing  Materials  under  the  Arches. 


Fig.  24.     Photograph   of  Dome  of  Auditorium   Showing  the  Canvases   In 
stalled  to  eliminate  echoes. 
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THE  TRACTIVE  RESISTANCE  OF  A  28-TON  ELECTRIC  CAR. 

I.     Introduction. 

1.  Purpose. — Three  series  of  tests  have  been  conducted  by  the 
Railway  Engineering  Department  of  the  University  of  Illinois  to  deter- 
mine the  resistance  offered  to  the  motion  of  a  28-ton  electric  interurban 
car  running  on  straight,  level  track,  in  still  air  at  uniform  speed;  and 
to  ascertain  the  relation  existing  between  that  resistance  and  the  speed 
of  the  car.  The  first  part  of  this  bulletin  describes  the  purpose,  methods, 
and  final  results  of  the  tests,  but  all  details  not  essential  to  an  under- 
standing of  the  general  methods  and  results  are  excluded.  In  the  three 
appendices  details  are  given  concerning  the  apparatus,  the  methods  of 
calculation,  the  test  data,  and  the  intermediate  results. 

2.  Definition  of  Terms. — By  the  terms  "resistance,"  "train 
resistance,"  and  "car  resistance"  used  in  this  bulletin  is  meant  the 
number  of  pounds  of  tractive  effort  required  at  the  rims  of  the  driving 
wheels  for  each  ton  of  train  or  car  weight,  to  keep  it  moving  at  uniform 
speed  on  straight  level  track  in  still  air.  Such  resistance  data  is 
employed  in  determining  railway  motor  capacity,  power  consumption, 
and  possible  schedule  speeds  of  a  car  or  train  of  cars. 

3.  Acknowledgments. — The  interest  and  co-operation  of  the  officials 
of  the  Illinois  Traction  System  have  made  it  possible  to  carry  out  these 
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vision of  Mr.  Edgar  I.  Wenger,  formerly  Associate  in  the  Department 
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Faber,  formerly  a  Research  Fellow  in  the  Engineering  Experiment 
Station. 
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II.     Summary. 

Eighteen  tests  made  on  selected  sections  of  tangent  track  are 
described.  The  track  upon  which  the  tests  were  made  is  of  good  con- 
struction, such  as  one  would  expect  to  find  on  the  better  grade  of  inter- 
urban  electric  railways.  The  weather  during  the  tests  was  generally  fair. 
The  average  temperature  was  not  below  25°  F.,  and  the  wind  velocity 
did  not  exceed  26  miles  per  hour.  The  test  car  used  is  described  in 
detail  in  Appendix  I. 

The  general  plan  was  to  run  the  test  car  backward  and  forward 
over  the  chosen  track  section  at  a  variety  of  speeds,  but  maintaining 
approximately  the  same  constant  speed  during  each  pair  of  opposing 
runs.  The  tests  comprise  in  all  269  resistance  determinations  of  which 
131  have  been  calculated  from  runs  during  which  the  wind  opposed  the 
motion  of  the  car,  130  from  runs  during  which  the  wind  helped  the 
car,  and  8  from  runs  made  when  no  wind  was  blowing.  During  the 
two  tests  of  group  A,  comprising  45  resistance  determinations,  opposing 
runs  have  been  separated  by  a  considerable  time  interval  during  which 
wind  and  weather  conditions  might  change;  but  through  changes  made 
in  the  method  of  making  the  tests,  opposing  runs  for  the  remaining  tests 
have  been  separated  by  a  small  time  interval. 

Each  test,  consisting  of  a  number  of  "runs,"  resulted  in  a  number 
of  values  of  average  net  car  resistance  which  have  been  plotted  with  the 
corresponding  average  speed,  giving  diagrams  such  as  Fig.  3.  Through 
the  two  groups  of  points  representing  the  results  of  runs  in  opposing 
directions,  curves  have  been  drawn  between  which  a  final  mean  curve 
has  been  decided  upon.  By  this  method  wind  resistance  has  been  elim- 
inated as  nearly  as  may  be  from  the  results.  The  curves  thus  determined 
have  been  accepted  as  the  results  desired  from  the  individual  tests  and 
have  been  grouped  in  Fig.  1.  A  final  mean  curve  has  been  drawn  there 
and  repeated  as  Fig.  2,  which  represents  the  average  relation  between 
resistance  and  speed  for  all  the  tests. 

The  results  of  the  individual  tests  are  shown  in  Figs.  10  to  19 
and  Tables  3  to  12,  inclusive,  in  Appendix  III.  The  final  results 
of  the  investigation  are  presented  in  Fig.  1,  Table  2,  and  in  formulae 
1  and  2,  page  20. 

It  is  believed  that  Fig.  1,  Table  2,  and  formulae  1  and  2  provide 
expressions  for  the  mean  relation  between  the  speed  and  the  resistance 
of  the  car  to  which  these  tests  apply,  when  it  runs  on  tangent  level 
track  of  good  construction,   at  uniform  speed,   and   in   still   air.     The 
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greatest  variation  from  these  mean  values  under  these  conditions  was 
about  9  per  cent. 

If  application  is  made  of  these  results  to  predict  the  resistance  of 
any  car  of  similar  design  and  weight  it  should  be  borne  in  mind  that 
the  results  apply  to  tests  made  with  a  car  whose  running-gear  was  in 
excellent  condition,  and  that  the  tests  were  run  in  weather  when  the 
temperature  was  above  25°  F. 

III.     Means  Employed  in  Conducting  the  Tests. 

4.  The  Electric  Test  Car. — The  data  for  this  report  have  been 
obtained  by  means  of  the  electric  test  car  belonging  to  the  Eailway 
Engineering  Department  of  the  University  of  Illinois.  It  is  a  standard 
45-foot  interurban  car  of  the  double  end  type,  weighing,  complete  with 
equipment,  55  150  pounds,  subject  to  correction  on  account  of  changes 
in  the  equipment  at  different  times.  The  cross  sectional  area  of  the 
car  body  and  trucks  is  90  square  feet. 

The  motor  equipment  consists  of  four  50-horsepower,  axle  mounted, 
number  101-D  Westinghouse  direct  current  motors,  geared  to  the  axle 
in  the  ratio  of  22  to  62.  The  Westinghouse  unit  switch  system  of 
multiple  control  is  used. 

The  trucks,  which  are  of  the  C-60  type  of  the  Standard  Motor  Truck 
Company,  are  placed  23  ft.  3  in.  between  centers  and  have  a  wheel  base 
of  6  ft.  4  in.  The  wheels  are  33  in.  in  diameter  and  have  the  standard 
Master  Car  Builders'  tread  and  flange,  and  the  journals  conform  to 
the  4*4  in.  X  8  in.  standard  of  the  same  association.  A  more  complete 
description  of  the  car  will  be  found  in  Appendix  I. 

5.  The  Recor  cling  Apparatus. — By  means  of  the  apparatus  within 
the  car  a  continuous  graphical  record  of  current,  voltage,  speed,  time 
by  5  second  intervals,  distance  traversed,  brake  cylinder  pressure,  and 
location  on  the  road  may  be  kept.  These  records  are  drawn  upon  a 
chart  40  inches  wide  which  is  made  to  pass  under  the  recording 
pens  at  a  rate  proportional  to  time  or  distance.  Other  data  taken  during 
this  investigation,  but  not  recorded  upon  the  chart,  are  described  on 
page  11.  Fig.  9  shows  a  copy  of  a  portion  of  the  chart  from  test  121. 
The  transverse  lines  which  mark  one  of  the  sections  selected  for  calcu- 
lation and  some  of  the  explanatory  lettering  do  not  appear  on  the  original 
record,  and  the  records  as  shown  in  Fig.  9  are  grouped  more  closely 
together  than  on  -the  original  chart.  A  more  complete  description  of 
the  recording  apparatus  is  to  be  found  in  Appendix  I. 

6.  The  Track. — This  investigation  was  carried  out  on  the  tracks 
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of  the  Illinois  Traction  System  between  Danville,  Urbana,  Champaign, 
Decatur,  and  Springfield — a  single  track  line  of  good  construction  over 
which  an  hourly  service  is  maintained  between  the  points  named. 

That  part  of  the  line  between  Danville  and  Urbana,  32  miles  in 
length,  was  laid  during  1903  and  1904  with  70-pound  A.  S.  C.  E. 
section  rails  except  for  9  miles  near  Urbana,  where  60-pound  A.  S.  C.  E. 
1901  section  rails  were  in  use  at  the  time  these  tests  were  made.  All 
rails  were  laid  on  oak  cross-ties  spaced  about  24  inches  between  centers 
and  ballasted  with  gravel  and  cinders.  This  track  had  between  2  and  3 
years  in  which  to  become  settled  before  the  tests  were  started.  The 
track  between  Champaign  and  Decatur  was  laid  in  1906  and  1907  with 
70-pound  A.  S.  C.  E.  section  rails  laid  on  oak,  elm,  and  chestnut  cross- 
ties  spaced  about  24  inches  between  centers  and  ballasted  with  gravel. 
When  tests  were  made  over  this  track  it  was  well  settled  and  in  first- 
class  condition.  The  line  between  Decatur  and  Springfield  was  laid 
in  1905  and  is  in  all  respects  similar  to  that  between  Champaign  and 
Decatur,  except  that  part  of  the  track  is  ballasted  with  cinders. 

A  survey  of  the  Danville-Urbana  line  was  made  by  the  Hailway 
Engineering  Department  of  the  University  immediately  preceding  these 
tests  and  the  results  expressed  in  a  profile  drawn  to  a  scale  of  14-inch 
to  100  feet.  Elevations  were  taken  on  the  north  rail  to  0.1  ft.  at  stations 
300  feet  apart,  and  turning  points  were  taken  at  every  fourth  station 
where  levels  were  read  to  0.01  ft.  The  exact  distances  between  all 
trolley  line  poles  were  recorded  and  incorporated  in  a  table  from  which 
all  .distances,  such  as  those  between  section  limits,  were  determined. 

For  the  purpose  of  this  investigation  certain  long  sections  of  com- 
paratively level  and  well  ballasted  tangent  track  on  the  Champaign  - 
Decatur-Springfield  line  were  selected  and  surveyed  by  the  Railway 
Engineering  Department  of  the  University.  The  results  of  these  surveys 
were  expressed  in  profiles,  drawn  to  a  scale  of  14-inch  to  100  feet,  which 
were  used  in  making  the  calculations. 

IV.     Test  Conditions  and  Methods  of  Test. 

7.  Test  Conditions. — The  tests  were  all  run  during  moderate 
weather.  With  four  exceptions  they  were  made  on  clear  days  only  and 
on  dry  track.  Data  in  regard  to  wind  velocity  and  direction  were  obtained 
from  United  States  Meteorological  stations  at  Urbana.  Springfield  and 
Peoria,  and  during  one  group  of  tests,  designated  as  group  "C,"  these 
data  were  supplemented  by  wind  determinations  made  by  means  of  a 
portable  wind  vane  and  anemometer  set  up  beside  the  test  track. 
Tables  3  to  12  inclusive  in  Appendix  III  show  that  the  approximate 
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average  wind  velocities  prevailing  during  the  tests  varied  from  0  to  26 
miles  per  hour.  The  lowest  average  air  temperature  recorded  during 
any  test  was  25°  F.,  and  the  highest  recorded  temperature  was  80°  F. 

Table  1 
A  Summary  of  Test  Conditions 


1 

2 

3 

4 

5 

6 

7 

Approximate  Wind  Data 

Approximate 

Test  No. 

Weight  of  Car 
and  Load 

Average 

Air 

Temperature 

Rail 
Condition 

Average 
Direction 

Average 
Velocity 

Average 

Velocity 

Parallel  to 

Test  Track 

Pounds 

Deg.  F. 

M.  P.  H. 

M.  P.  H. 

15-16 

56  600 

40 

Dry 

S.  of  W. 

7.2 

7 

23-24 

56  250 

70 

Dry 

S.W. 

15.1 

11 

73-74 

56  650 

40 

Wet 

N.  of  W. 

10.0 

9 

77-78 

56  800 

40 

Dry 

N.  W. 

12.0 

12 

91-92 

56  350 

45 

Dry 

S.W. 

26.0 

24 

95-96 

56  350 

65 

Dry 

N.  W. 

16.0 

15 

109-110 

56  950 

55 

Wet 

S.W. 

18.0 

13 

111-112 

56  350 

55 

Wet 

S.W. 

18.0 

13 

113-114 

56  200 

55 

Dry 

S.W. 

10.0 

7 

117-118 

56  200 

25 

Wet 

S.W. 

12.0 

9 

119-120 

56  750 

45 

Dry 

W.  of  S. 

3.5 

2 

121-122 

56  750 

30 

Dry 

E.  of  N. 

3.0 

2 

123-124 

56  750 

30 

Dry 

S.  E. 

4.0 

3 

125-126 

57  350 

35 

Dry 

S.W. 

15.0 

10 

127-128 

57  500 

25 

Wet 

0 

0 

129-130 

57  350 

65 

Dry 

S.  E. 

15.0 

10 

141-142 

57  800 

40 

Dry 

W. 

3.8 

3 

153-154 

57  900 

60 

Dry 

0 

0 

The  track  sections  selected  for  the  tests  are  all  straight  and  they 
vary  in  length  from  250  to  10  000  feet.  The  majority  of  the  tests  were 
made  on  sections  varying  in  length  from  1000  to  1500  feet.  Other 
requirements  to  be  met  by  the  sections  were. that  the  grade  should  be 
comparatively  light  and  uniform,  and  that  the  track  should  be  well 
ballasted  and  in  good  condition.  While  on  the  road  the  car  was  always 
in  charge  of  a  regular  train  crew  provided  by  the  Illinois  Traction  System. 

8.  Calibrations. — Preceding  the  commencement  of  the  tests,  all 
instruments  were  calibrated  and  at  intervals  during  the  investigation 
check  readings  were  taken  by  means  of  indicating  instruments  in  the 
same  circuits  as  the  recording  instruments.  Wherever  possible,  the 
results  of  these  calibrations  were  expressed  in  the  form  of  equations  or 
tables  as  well  as  curves,  and  in  making  the  calculations  one  of  the  two 
former  was  used  in  place  of  taking  readings  from  curves.  Owing  to 
changes  made  in  the  apparatus  during  the  tests,  more  than  one  calibration 
was  necessary  for  several  of  the  instruments. 
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9.  General  Plan  of  the  Tests. — The  test  car  records  give  quantities- 
from  which  the  gross  resistance  offered  to  motion  of  the  car  over  a 
given  section  of  track  must  first  be  calculated.  The  result  desired  from 
each  run  is  that  element  of  gross  resistance  which  is  always  operating 
to  retard  a  moving  car  or  train;  namely,  the  net  resistance  on  straight 
and  level  track,  at  uniform  speed,  in  still  air.  The  other  elements,  one 
or  more  or  none  of  which  may  be  acting  with  the  net  resistance  to 
form  gross  resistance,  are:  Eesistance  due  to  grade,  resistance  due  to 
acceleration,  curve  resistance,  and  wind  resistance  (as  distinguished  from 
still  air  resistance).  The  tractive  effort  consumed  by  grade  and  acceler- 
ation may  readily  be  determined  by  calculation,  and  the  tests  herein 
reported  were  so  planned  as  to  eliminate  the  two  remaining  elements. 
Curve  resistance  has  been  eliminated  by  selecting  for  calculation  only 
those  sections  of  chart  made  while  the  car  was  running  on  straight 
track.  It  is  thought  that  by  the  procedure  explained  below  the  effect 
of  wind  resistance  upon  the  final  result  has  been  reduced  to  a  minimum. 

The  car  was  first  run  in  one  direction  and  then  in  the  other  over 
a  given  track  section,  at  as  nearly  uniform  speed  as  possible.  A  series 
of  such  runs,  made  at  speeds  varying  through  as  wide  a  range  as  possible, 
constituted  a  test.  Each  run  results  in  a  value  of  average  net  car 
resistance  which,  when  plotted  with  the  corresponding  average  speed, 
becomes  one  point  on  a  resistance-speed  plot  such  as  is  shown  in  Fig.  3. 
By  the  to  and  fro  motion  of  the  car  the  wind  alternately  helps  and 
opposes  its  motion  and  thereby  decreases  or  increases  its  resistance.  The 
resistance  values  from  each  test  therefore  fall  into  two  groups,  one  of 
which  represents  values  of  resistance  running  with  the  wind,  while  the 
other  represents  values  running  against  the  wind. 

In  the  figures,  those  points  applying  to  runs  with  the  wind  are 
shown  as  solid  dots,  while  the  points  applying  to  runs  against  the 
wind  are  shown  as  open  circles.  By  methods  which  are  described  on 
pages  13  and  14,  a  mean  curve  has  been  drawn  in  each  figure  which 
represents  the  values  of  resistance  with  the  influence  of  wind  eliminated. 
These  mean  curves  have  been  accepted  as  the  desired  resistance  curves 
for  the  individual  tests  and  have  been  grouped  together  as  Fig.  1.  An 
average  curve  obtained  from  this  group,  by  the  method  described  on 
page  20,  has  been  repeated  as  Fig.  2  and  accepted  as  the  final  curve  of 
resistance  for  this  28-ton  electric  car  under  the  conditions  described. 

As  a  result  of  slight  variations  in  the  methods  of  conducting  the 
tests,  they  fall  into  three  groups  designated  as  A,  B  and  C,  which  differ 
in  the  effect  their  conditions  have  on  the  assumptions  regarding  wind 
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resistance,  in  the  methods  of  obtaining  certain  data,  and  in  the  speed 
range. 

10.  Group  A. — Those  tests  comprised  in  group  A  were  through 
runs  from  Urbana  to  Danville,  32  miles,  and  return.  During  any  test 
of  this  group  only  one  set  of  opposing  runs  was  made  on  any  given 
section  and  such  opposing  runs  were  separated  by  a  considerable  time 
interval,  since  it  took  over  an  hour  to  run  from  Urbana  to  Danville 
or  to  return. 

Test  23-24  is  characteristic  of  this  group.  The  results  are  shown 
in  Table  4  and  Fig.  11,  which  has  here  been  repeated  as  Fig.  3.  The 
recording  apparatus  was  kept  in  operation  throughout  the  trip  and 
the  following  data  recorded  graphically  upon  the  chart: 

a.  Current  used  by  the  motors. 

b.  Trolley  line  voltage. 

c.  Speed  of  the  car  by  electrical  recorder.     (See  App.  I.) 

d.  Time  by  5  second  intervals. 

e.  Location  upon  the  road. 

/.     Distance  by  50  ft.  intervals. 
g.     Brake  cylinder  pressure. 
The  following  data  were  taken  but  not  recorded  graphically : 
h.     Average  wind  velocity  and  direction. 
Jc.     Air  temperature. 
I.     Eail  condition. 
m.    Weight  of  car  and  load. 
Item  e,  the  location  of  the  car  on  the  road,  by  means  of  which  it 
is  possible  to  correlate  any  position  of  the  car  with  the  profile  of  the 
road,  was  made  by  marking  upon  the  chart  the  position  of  numbered 
trolley  line  poles,  stations,  or  other  markers  as  they  were  passed  by  a 
given  point  on  the  car.    The  brake  cylinder  pressure,  item  g,  was  recorded 
in  order  to  make  it  possible  to  distinguish  and  to  avoid  those  periods 
during  the  tests  when  the  brakes  were  applied.    Data  regarding  average 
wind  velocity  and  direction,  item  h,  were  obtained  from  United  States 
Weather  Bureau  Stations.     Fig.  9,  page  27;  has  been  reproduced  from 
a  tracing  of  a  portion  of  the  chart  for  test  No.  121. 

Sections  of  chart  were  selected  for  calculation  by  comparison  of 
the  profile  and  chart  as  described  in  Appendix  II.  In  general,  the 
requirements  to  be  met  by  the  chosen  chart  sections  are  that  the  car 
shall  be  running  on  straight  track,  that  no  brake  applications  be  made, 
that  there  be  no  heavy  grades  between  the  section  limits,  and  that  there 
be  no  considerable  voltage,  current  or  speed  variation.    They  were  chosen 
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so  that  the  speed  range  covered  was  as  large  as  possible  and  so  that 
the  number  of  sections  from  an  east  bound  trip  (Urbana  to  Danville) 
would  be  balanced  by  the  same  or  approximately  the  same  number  from 
the  west  bound  trip.  In  this  way  the  number  of  resistance  determina- 
tions made  from  data  taken  during  runs  against  the  wind  were  balanced 
by  an  approximately  equal  number  from  runs  with  the  wind.  From 
test  23-24,  for  example,  fourteen  sections  were  chosen  from  the  east 
bound  and  thirteen  from  the  west  bound  trip. 

In  all  the  tests  reported  in  this  bulletin  the  variations  in  speed  in 
passing  the  track  sections  have  exceeded  2  miles  per  hour  in  only  28 
per  cent  of  the  total  number  of  resistance  determinations,  and  in  only 
24  cases  out  of  269  has  this  speed  variation  exceeded  5  miles  per  hour. 
The  maximum  variation  over  any  section  was  9.95  miles  per  hour. 

Each  of  the  chosen  chart  sections  has  afforded,  through  calculations 
made  with  the  data  there  recorded,  a  value  of  average  net  car  resist- 
ance. The  calculations  are  described  in  Appendix  II.  The  steps  in 
the  process  are  here  stated  briefly.  The  average  values  of  current  and 
voltage  were  found  for  each  section  by  determining  the  average  ordinates 
of  the  curves.  This  data,  with  the  time  required  for  the  car  to  pass 
the  track  section,  and  the  efficiency  of  motors  and  gears  at  the  above 
current  and  voltage,  made  it  possible  to  calculate  the  energy  in  foot 
pounds  delivered  by  the  current  to  the  driving  wheels  of  the  car.  The 
energy  thus  determined  was  then  corrected  for  grade  and  acceleration 
resistances,  thereby  giving  the  net  energy  absorbed  by  car  resistance, 
from  which  the  average  net  car  resistance  in  pounds  per  ton  was  readily 
obtainable.  In  order  to  make  the  grade  correction  it  was  first  necessary 
to  determine  the  elevation  of  the  center  of  gravity  of  the  car  as  it 
entered  and  again  as  it  left  the  track  section.  The  correction  for  accel- 
eration was  calculated  from  the  speeds  determined  by  the  heights  of 
the  speed  curve  at  the  points  of  entrance  and  exit.  For  this  purpose 
determinations  were  made  of  the  force  required  to  produce  accelerations 
in  the  rotation  of  the  revolving  parts  as  well  as  of  the  force  required  to 
produce  the  acceleration  in  the  motion  of  translation  of  the  car  as  a 
whole. 

From  each  test  a  number  of  chart  sections  have  been  chosen  and, 
as  has  been  stated,  each  section  has  resulted  in  a  value  of  average  ne1 
car  resistance  which  has  been  plotted  with  the  corresponding  average 
speed,  thereby  giving  diagrams  such  as  Fig.  3.  Due  to  the  method  of 
selecting  chart  sections  from  opposing  runs,  the  points  on  each  such 
resistance-speed  plot  fall  into  two  groups  as  previously  explained.     The 
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numbers  beside  the  points  are  the  item  numbers  from  the  tables  in 
Appendix  III. 

In  drawing  the  curve  to  represent  the  results  of  the  individual  tests 
the  two  groups  of  points  were  first  considered  separately  and  a  curve 
drawn  for  each.  Thus,  for  example,  curve  A,  Fig.  3,  was  drawn  to 
represent  the  relation  between  resistance  and  speed  for  all  the  runs  of 
test  23-24  during  which  the  wind  opposed  the  motion  of  the  car,  and 
curve  B  for  the  opposite  condition.  In  order  to  draw  these  curves  the 
plotted  points  were  considered  as  being  subdivided  into  a  number  of 
smaller  groups,  for  each  of  which  averages  of  speed  and  resistance  were 
determined  and  plotted.    Through  the  points  representing  these  averages 
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Fig.   3.     The  Relation  of  Resistance  to  Speed  for  Test  23-24. 


the  curves  were  drawn.  The  groups  of  points  were  chosen  so  that 
the  resulting  average  points  would  be  distributed  at  about  equal  intervals 
throughout  the  speed  range.  The  next  step  was  to  draw  a  mean  curve 
such  as  C,  Fig.  3,  which  would  represent  the  relation  existing  between 
resistance  and  speed  in  still  air.  Since  investigations  indicate  that  the 
resistance  offered  by  wind  varies  with  the  square  of  the  speed,  an  arith- 
metical mean  would  not  satisfy  the  conditions.  Accordingly,  an  equation 
taking  account  of  this  fact  has  been  derived  (see  Appendix  II,  page  34) 
and  by  means  of  it  the  ordinates  of  points  on  the  mean  curve  have 
been  calculated  from  the  ordinates  of  the  A  and  B  curves  at  the  same 
speed.    The  mean  curves  drawn  by  this  method  agree  much  more  closely 
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than  do  those  curves  drawn  as  arithmetical  means  between  the  A  and  B 
curves,  and  it  has  consequently  been  assumed  that  the  method  used 
has  resulted  in  curves  more  accurately  representing  the  resistance  in 
still  air  than  would  have  been  obtained  by  using  the  arithmetical  means. 

The  six  curves  thus  obtained  from  tests  of  groups  A  and  B,  and 
the  four  from  group  C  which  were  drawn  by  another  method,  were  then 
superimposed  upon  each  other  in  order  to  determine  the  characteristic 
form,  and  the  individual  curves  were  then  modified  to  conform  to  that 
general  shape.  The  curves  drawn  in  this  manner  have  been  accepted 
as  the  results  desired  from  the  individual  tests. 

In  group  A  there  are  two  tests,  namely  15-16  and  23-24,  comprising 
together  a  total  of  45  resistance  determinations.  The  results  are  shown 
in  Figs.  10  and  11  and  Tables  3  and  4  in  Appendix  III. 

11.  Group  B. — The  tests  belonging  in  group  B  differ  from  those 
in  group  A  in  the  method  of  making  the  tests  and  in  the  effect  this 
change  in  method  has  upon  the  assumptions  regarding  wind  resistance. 
Whereas  opposing  runs  from  tests  of  group  A  were  separated  by  a 
considerable  time  interval  during  which  wind  conditions  might  change, 
the  tests  of  group  B  were  planned  so  that  the  time  interval  between 
opposing  runs  would  be  as  small  as  possible.  A  well  kept  section  of 
track  1495  feet  in  length  and  located  on  the  Urbana-Danville  line  was 
chosen  for  this  purpose.  The  limits  of  this  section,  between  which  there 
was  a  difference  in  elevation  of  0.56  feet,  were  defined  by  markers  and 
offsets  were  made  in  the  location  record  on  the  test  chart  as  they 
were  passed  by  the  car.  These  points  located  the  chart  section  to  be 
calculated  for  each  run.  During  any  test  the  car  was  run  back  and 
forth  over  this  section  at  a  variety  of  speeds,  each  pair  of  opposing 
runs  being  made  at  approximately  the  same  uniform  speed.  Data  exactly 
similar  to  that  obtained  during  the  tests  of  group  A  were  taken  during 
each  run.  The  reasons  enumerated  on  pages  11  and  30  for  the  rejection 
of  any  chart  section  apply  also  to  the  runs  of  this  group  of  tests. 
Through  calculations  made  in  the  same  way  as  has  been  described  for 
the  previous  group,  each  run  has  resulted  in  an  average  value  of  net 
car  resistance  for  the  average  speed  at  which  the  car  passed  the  track 
section.  These  have  been  plotted  and  curves  drawn  by  the  metho;1 
described  for  group  A. 

There  are  four  tests  in  group  B,  namely,  73-74,  77-78,  91-92  and 
95-96.  The  results  are  given  in  Figs.  12  to  15  and  Tables  5  to  8,  inclusive, 
in  Appendix  III. 
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12.  Group  C. — The  principal  points  of  difference  between  the  tests 
of  this  and  of  preceding  groups  lie  in  the  method  of  obtaining  certain 
data,  in  the  plan  of  grouping  the  results  from  two  or  more  tests  made 
on  the  same  track  section,  and  in  the  method  of  drawing  the  final 
curves. 

Track  sections,  each  comprising  two  or  more  tangents  varying  in 
length  from  338  to  1320  feet,  were  chosen  so  as  to  meet  the  same 
requirements  as  those  prescribed  for  the  tests  heretofore  described.  They 
have  been  designated  by  letters  as  follows : 

D:     Approximately   2680   feet  long,   located  near  Urbana 

on  the  Danville-Urbana  line. 
W:     About  3700  feet  in  length,  located  near  White  Heath 

on  the  Champaign-Decatur  line. 
8:      About  4100  feet  long,  located  near  White  Heath  on 

the  Champaign-Decatur  line. 
R    No.    1 :     Approximately    3000    feet    long,    located    near 

Riverton  on  the  Decatur-Springfield  line. 
R  No.     2 :    About  4500  feet  in  length,  located  near  Bement 
on  the  Champaign-Decatur  line. 
During  each  test  the  car  was  run  back  and  forth  over  the  chosen 
track  section,  as  during  the  tests  of  group  B,  so  that  opposing  runs 
were  separated  by  a  small  time  interval  as  in  that  group.     Throughout 
each   run   the   recording   apparatus   was   kept  in   operation   and   data 
taken  which  were  similar  to  those  obtained  during  the  tests  that  have 
been  described,  although  the  method  of  taking  them  was  in  some  cases 
different.    Changes  made  in  the  instrument  equipment  were  as  follows : 

For  the  tests  of  groups  A  and  B  line  voltage  was  recorded;  but 
during  the  tests  of  group  C  connections  were  changed  so  that  the  record 
was  that  of  voltage  across  the  terminals  of  one  motor.  This  change  was 
made  to  facilitate  calculations. 

A  Boyer  mechanical  speed  recorder  was  installed  in  addition  to 
the  electric  recorder  described  in  Appendix  I,  and  the  record  made  by 
it  has  been  used  in  the  calculations.  Both  instruments  were  driven 
from  the  same  shaft. 

A  portable  windvane  and  anemometer  were  used  during  these  tests 
to  determine  wind  direction  and  velocity.  These  instruments  were  set 
up  beside  the  test  track  and  readings  were  made  at  intervals  during 
the  tests.  By  this  means  much  more  accurate  determinations  were 
made  than  could  be  obtained  from  the  Weather  Bureau  reports. 

It  was  found  upon  the  completion  of  the  tests  of  groups  A  and  B 
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that  a  low  enough  speed  range  had  not  been  obtained  and  steps  were 
therefore  taken  to  supply  this  deficiency  on  subsequent  tests.  Two 
water  rheostats  were  connected  in  the  trolley  circuit  for  the  control  of 
the  motor  voltage  and  the  speed  was  held  as  nearly  as  possible  at  a 
constant  predetermined  value  by  the  operator,  who  had  for  his  guidance 
an  ammeter  in  series  with  the  speed-recording  ammeter. 

From  the  record  of  each  run  made  over  the  test  track,  chart  sections 
were  chosen  for  calculation  in  accordance  with  the  requirements  stated 
on  page  14  to  conform  to  the  characteristic  shape.  The  resistance  curves 
groups  A  and  B.  Each  such  chart  section  has  resulted  in  one  point 
on  a  resistance-speed  plot  such  as  Fig.  16,  Appendix  III.  The  results 
of  all  tests  made  on  any  given  track  section  have  been  grouped  together 
as,  for  example,  track  section  D,  on  which  tests  109-110,  111-112  and 
113-114  were  made.  Inasmuch  as  the  resistance-speed  points  in  Fig. 
16  have  been  derived  from  the  results  of  tests  made  under  some- 
what different  weather  and  wind  conditions,  it  was  found  impracticable 
to  draw  the  final  curve  in  the  same  manner  as  for  groups  A  and  B. 
Consequently,  in  place  of  following  the  method  described  on  page  13, 
the  points  on  each  resistance-speed  plot,  irrespective  of  the  wind  effect, 
were  assumed  to  be  divided  into  a  number  of  groups,  for  each  of  which 
arithmetical  averages  of  the  values  of  speed  and  resistance  were  deter- 
mined and  plotted.  These  groups  of  points  were  chosen  so  that  the 
resulting  averages  would  be  distributed  at  about  equal  intervals  through- 
out the  speed  range.  Through  them  the  curve  representing  the  relation 
between  resistance  and  speed  was  drawn  and  later  modified  as  described 
on  page  14  to  conform  to  the  characteristic  shape.  The  resistance  curves 
thus  derived,  which  are  shown  in  Figs.  16  to  19  inclusive,  have  been 
accepted  as  the  results  desired  from  this  group  of  tests. 

It  is  recognized  that  this  method  of  drawing  the  resistance  curves 
is  a  deviation  from  the  general  plan  followed  for  the  preceding  tests, 
but  Fig.  1  shows  that  this  deviation  has  brought  about  no  greater  vari- 
ation of  the  individual  curves  from  the  mean  curve  MM  than  is  found 
among  those  drawn  as  described  on  page  13.  This  may  be  accounted 
for  by  the  fact  that  the  wind  velocities  prevailing  during  the  tests  in 
question  (see  column  7,  Table  1)  were  on  the  whole  less  than  those 
prevailing  during  the  preceding  tests,  and  that  consequently  the  resist- 
ance-speed points  for  runs  with  and  against  the  wind  were  closely 
interwoven.  Had  the  tests  of  group  C  lent  themselves  to  the  plan 
described  on  page  13,  the  curves  with  and  against  the  wind  would  have 
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been  quite  close  together,  and  the  mean  curves  determined  by  the  two 
methods  would  not  have  differed  greatly. 

It  will  be  noted  that  the  numbers  of  the  tests  here  included  are 
not  consecutive.  Some  of  the  tests  bearing  the  intervening  numbers 
were  made  for  other  purposes,  but  a  considerable  number  were  made 
for  the  purpose  of  this  investigation  and  were  later  discarded  for  various 
reasons.  Of  the  latter  the  greater  number  were  omitted  because  an 
insufficient  number  of  runs  were  made  over  the  track  sections  to  accu- 
rately determine  a  curve.  This  was  occasioned  by  the  necessity  of  running 
the  car  on  sidings  to  allow  regular  cars  to  pass.  Others  were  discarded 
because  it  was  impossible  to  choose  a  sufficient  number  of  chart  sections 
that  would  meet  the  requirements,  and  still  others  were  in  the  nature 
of  preliminary  runs. 

V.    Eesults  of  the  Tests. 

13.  Results  of  the  Individual  Tests. — The  results  of  the  individual 
tests  are  shown  in  the  form  of  resistance-speed  curves  in  Figs.  10  to  19 
and  Tables  3  to  12,  inclusive,  in  Appendix  III. 

These  tests,  without  exception,  show  a  marked  increase  in  resistance 
as  the  speed  increases.  The  effect  of  wind  resistance  is  clearly  shown 
by  a  comparison  of  Figs.  10  to  15  inclusive,  which  have  been  derived! 
from  tests  of  groups  A  and  B.  For  those  tests  during  which  a  heavy 
wind  alternately  opposed  and  helped  the  motion  of  the  car,  the  two 
curves,  such  as  A  and  B  (Fig.  3),  drawn  to  represent  the  results  of  runs 
in  opposite  directions,  are  some  distance  apart,  while  for  tests  during 
which  the  wind  was  light  these  curves  are  quite  close  together.  Figs. 
15  and  10  illustrate  this  difference.  Fig.  15  has  been  derived  from 
test  95-96  during  which  the  component  of  the  average  wind  velocity 
parallel  to  the  track  was  15  miles  per  hour  while  Fig.  10  has  been 
derived  from  test  15-16  during  which  that  component  was  7  miles  per 
hour. 

Had  the  wind  velocity  and  direction  remained  precisely  alike  during 
all  runs  of  a  test,  then  the  components  of  the  wind  velocity  parallel  to 
the  track  would  have  been  of  like  value  and  the  process  of  drawing 
the  mean  curve  for  the  test  would  be  valid  in  so  far  as  the  fundamental 
assumption  underlying  this  process  is  in  itself  valid.  The  wind  velocity 
and  direction  did  not  remain  precisely  constant  during  all  runs  of  a 
test,  however,  and  the  resulting  mean  curves  are  consequently  slightly 
in  error.  No  method  of  eliminating  this  error  or  of  evaluating  it  has 
presented  itself. 
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The  component  of  the  wind  velocity  which  is  perpendicular  to  the 
test  track  increases  gross  resistance,  irrespective  of  the  direction  in 
which  the  car  is  running,  by  pressing  the  flanges  of  the  car  wheels 
against  the  head  of  the  rail,  thereby  increasing  the  frictional  resistance. 
No  method  has  been  found  for  evaluating  its  effect  upon  the  final  resist- 
ance values  and  it  is  therefore  included  in  the  accepted  results.  Obviously 
it  is  one  cause  for  the  variations  among  the  resistance  curves  as  well  as 
for  the  variations  among  the  individual  resistance-speed  points. 

Due  in  part  to  the  reasons  just  mentioned,  the  points  in  any  of 
the  resistance-speed  plots  may  vary  considerably  from  the  final  mean 
curve  for  that  test.  The  maximum  variation  of  any  point  from  the 
mean  is  approximately  90  per  cent.  Any  comparison  of  variations  from 
the  mean  made  to  determine  the  agreement  of  the  results  among  them- 
selves should,  however,  be  confined  to  the  results  obtained  from  runs 
in  one  direction  only.  Such  a  comparison  among  the  resistance  deter- 
minations for  tests  of  groups  A  and  B  shows  variations  which,  though 
large  in  some  cases,  are  not  unusual  for  this  class  of  experimental  work. 
The  maximum  variation  from  the  mean  for  the  first  two  groups  of  tests 
occurred  during  test  23-24  (Fig.  3).  Point  9  varies  42.5  per  cent 
from  mean  curve  B.  The  next  largest  variation  is  24  per  cent,  while 
the  average  is  much  less  than  that.  A  very  small  percentage  of  this 
variation  may  be  due  to  accumulated  errors  in  instruments  or  in  the 
calculations,  although  all  reasonable  precautions  have  been  taken  to 
avoid  such  errors.  Each  step  in  the  process  of  making  the  calculations 
and  producing  the  tables  and  curves  has  been  duplicated  at  a  different 
time  and  usually  by  a  different  person,  and  in  all  cases  where  the  cal- 
culated value  of  resistance  differed  greatly  from  the  mean  all  calculations 
leading  thereto  were  repeated.  The  influence  of  such  variable  and 
uncontrollable  elements  of  net  resistance  as  flange  friction,  journal  fric- 
tion, instantaneous  changes  in  velocity  and  direction  of  the  wind,  and 
changes  in  the  lubrication  of  bearings  and  gears,  is  believed  to  be  sufficient 
to  account  for  the  differences  shown  in  the  curves  here  presented.  The 
variations  of  the  points  in  Figs.  16  to  19,  inclusive,  are  chargeable  to 
the  differences  in  the  test  conditions  that  are  represented  on  those  resist- 
ance-speed plots  as  well  as  to  the  above-mentioned  causes. 

14.  Results  of  All  the  Tests. — The  six  resistance  curves  for  the 
individual  tests  of  groups  A  and  B,  and  those  representing  the  results 
obtained  on  the  four  track  sections  of  group  C,  have  all  been  brought 
together  in  Fig.  1.*    In  view  of  the  number  and  character  of  the  elements 

"Each  curve  has  been  marked  with  the  test  number  or   letter  corresponding  thereto. 
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of  net  resistance  that  can  not  be  controlled,  the  differences  among  the 
curves  there  shown  are  not  greater  than  might  be  expected.  For  speeds 
up  to  20  miles  per  hour  the  maximum  variation  among  the  resistance 
values  from  the  different  curves  is  about  13  per  cent,  between  20  and 
30  miles  per  hour  this  variation  is  approximately  17  per  cent,  while 
above  30  miles  per  hour  it  approximates  only  20  per  cent. 


Table  2 

Values  of  Resistance  at  Various  Speeds,  Derived  From  the  Final 

Curve  and  the  Curves  for  the  Individual  Tests. 

This  Table  Provides  the  Co-ordinates 

of  the  Curves  in  Figure  2. 


Speed 

Car  Resistance — Pounds  Per  Ton 

Miles 
Per 
Hour 

Final 
Mean 
Curve 

Test 

Test 

Test 

Test 

Test 

Test 

Tests 
on 

Tests 
op 

Tests 
on 

Testa 
on 

15-16 

23-24 

73-74 

77-78 

91-92 

95-96 

Section 
D 

Section 

w 

Section 
S 

Section 
R 

5 

5.25 

6 

5.52 

5.65 

7 

5.81 

8 

6.12 

9 

6.48 

10 

6.80 

6.62 

6.87 

11 

7.12 

12 

7.50 

13 

7.87 

8.12 

14 

8.25 

7.55 

15 

8.62 

8.48 

8.62 

9.00 

8.02 

16 

9.05 

8.75 

17 

9.48 

18 

9.87 

19 

10.32 

9.75 

20 

10  75 

10.50 

10.02 

10.18 

10.55 

11.30 

10.44 

10.60 

21 

11.22 

22 

11.66 

23 

12.13 

24 

12.62 

25 

13.03 

12.75 

12.13 

12.37 

12.65 

13.93 

12.75 

13.45 

26 

13.62 

13.55 

27 

14.12 

28 

14.65 

29 

15.22 

30 

15.75 

17.10 

13.84 

15.73 

15.34 

14.54 

14.85 

15.00 

16.88 

15.30 

16.70 

31 

16.36 

15.50 

32 

16.90 

33 

17.50 

34 

18.12 

35 

18.75 

20.44 

17.15 

18.75 

18.22 

17.22 

17.62 

20.25 

18.21 

20.47 

36 

19.37 

37 

20.04 

22.13 

38 

20.75 

39 

21.44 

40 

22.13 

24.20 

21.00 

22.16 

21.45 

20.25 

20.75 

24.15 

21.50 

41 

22.87 

25.02 

25.00 

42 

23.66 

23.68 

22.12 

43 

24.45 

44 

25.26 

45 

26.12 

1 

25.56 

25.25 

The  mean  curve  MM  shown  in  Fig.  1  and  reproduced  as  Fig.  2 
has  been  drawn  to  express  the  average  relation  between  resistance  and 
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speed  for  all  the  tests.  To  determine  this  curve,  the  resistances  corre- 
sponding to  a  given  speed,  say  10  m.p.h.,  were  taken  from  the  individual 
curves  of  Fig.  2  and  averaged.  In  this  process  each  resistance  value 
was  given  a  weight  corresponding  to  the  total  number  of  resistance  deter- 
minations represented  by  the  curve  from  which  it  was  taken.  These 
averages  were  calculated  at  speeds  varying  by  steps  of  5  miles  per  hour 
and  plotted  in  Figs.  1  and  2.  Through  them  the  mean  curve  MM  has 
been  drawn.  The  curve  thus  determined  represents  the  final  results 
obtained  from  this  investigation.  The  values  of  resistance  at  various 
speeds  have  been  determined  from  all  the  curves  shown  in  Fig.  1  and 
they  are  presented  in  Table  2.  The  data  there  given  are  sufficient  to 
accurately  reproduce  all  the  final  resistance-speed  curves. 

The  final  results  have  also  been  expressed  in  the  form  of  an 
equation  which  is  given  as  formula  1.  This  equation  makes  it  possible 
to  calculate  resistance  values  that  do  not  vary  more  than  one-half  of 
one  per  cent  from  those  obtained  from  the  curve  MM.  In  this  formula 
R  is  the  resistance  expressed  in  pounds  per  ton  and  8  is  the  speed  in 
miles  per  hour. 

R  =  4  +  0.222  S  +  0.00582  S2 (1) 

This  equation  has  been  modified  as  shown  in  formula  2  to  take  more 
definite  account  of  air  resistance.  In  formula  2,  A  is  the  cross-sectional 
area  of  the  car  expressed  in  square  feet  and  W  is  the  car  weight  in  tons. 

R  =  4  +  0.222  8  +  0.00181  ~  S2 (2) 

These  formulae  are  the  equations  of  a  parabola  which  corresponds 
closely  to  the  curve  MM.  In  using  these  formulae  care  should  be  taken 
not  to  extend  their  use  to  speeds  much  beyond  the  limits  of  the 
curve  MM. 

15.  Discussion  of  the  Final  Results. — The  final  results  of  this 
investigation  are  presented  in  Fig.  2,  Table  2,  and  formulae  1  and  2, 
all  of  which  express  the  mean  relation  between  speed  and  resistance  for 
the  28-ton  car  when  running  at  uniform  speed  on  tangent  and  level 
track  of  good  construction,  during  weather  when  the  temperature  is  not 
lower  than  25°  F.,  and  when  the  wind  velocity  does  not  exceed  about 
26  miles  per  hour.  The  curve  MM  (Figs.  1  and  2)  is  an  average  of 
curves  derived  from  ten  individual  tests  that  have  been  run  under 
conditions  which,  though  they  differ  somewhat,  are  not  at  all  unusual. 
Notwithstanding  this  difference  in  test  conditions,  the  maximum  variation 
of  the  individual  curves  from  the  mean  curve  MM  is  only  12  per  cent 
(see   Fig.   1).     With  the  exception  of  that  portion  of  the  curve  for 
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test  23-24,  which  lies  between  30  and  34  miles  per  hour,  the  maximum 
variation  of  the  individual  curves  from  the  mean  curve  is  only  9  per 
cent  for  all  speeds  above  30  miles  per  hour.  At  speeds  below  30  miles 
per  hour  this  variation  is  considerably  less  than  9  per  cent.  In  other 
words,  all  curves  from  the  individual  tests  lie  within  a  narrow  belt. 
All  points  within  this  belt  may  very  properly  be  considered  to  represent 
a  relation  between  car  resistance  and  speed  which  is  true  under  some 
usual  conditions. 
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Fig.  4.     Comparative  Diagram   of  Resistance- Speed   Curves   Calculated  by 
Means  of  Seven  Formulae  Applicable  to  Electric  Railway  Conditions. 

w  =  28  tons.         a  =  90  sq.  ft.        n  =  l 

1.  davis.  5.    lundie. 

2.  university  of  illinois.   6.    armstrong. 

3.  smith.  7.    mailloux. 

4.  BLOOD. 


If  it  is  desired  to  estimate  the  resistance  of  any  car  which  in 
weight  and  general  design  is  similar  to  the  car  used  during  these  tests, 
it  is  believed  that  the  curve  MM  offers  a  basis  for  the  prediction  of 
such  resistance,  the  accuracy  of  which  will  lie  within  the  limits  just 
stated;  that  is,  it  is  believed  that  by  the  use  of  the  curve  MM  net 
resistance  may  be  predicted  within  about  9  per  cent.  Obviously,  in  using 
the  curve  for  such  a  purpose  the  conditions  surrounding  these  tests 
must  be  fully  appreciated. 
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In  addition  to  the  expression  given  for  the  resistance  in  still  air, 
the  tables  and  curves  in  Appendix  III  provide  information  as  to  the 
excess  resistance  due  to  wind.  They  show  that  during  moderate  weather 
and  for  wind  velocities  up  to  24  miles  per  hour  which  directly  oppose 
the  motion  of  the  car,  the  resistance  may  exceed  that  in  still  air  by  as 
much  as  70  per  cent  at  speeds  below  30  miles  per  hour,  and  by  50  per 
cent  at  speeds  above  30  miles  per  hour. 

16.  Comparison  with  Other  Experiments. — For  purposes  of  com- 
parison with  the  results  of  other  investigations  the  following  formulae 
are  given,  together  with  Fig.  4: 

Davis1  R  =  5  +  0.13  £+^^[1  +  0.1  (N  —  1)] 

University  of      R  =  4  +  0.222  S  +  0.00582  S2. 
Illinois 

R  =  4  +  0.222  S  +  O.OOm^Ls2. 
Smith2  R  =  3  +  0.167  8  +  0.0025  -^L  S2. 

Blood3  R  =  6  +  0.13  8  +  (0.0014  +  -^-  ■)  S1-8. 

Lundie4  R  =  4  +  0.24  S  +  ^^ 

*)0  0  00°  -4  S2 

Armstrong5    R  =  ^  +  0.03  S  +""g  [1  +  0.1  (N  -  1)  ] 

Mailloux"       g  =  3.5  + 0.15  g  +  0,02^°'25-S2 

Notation : — R—  Car  resistance  in  pounds  per  ton. 

S=  Speed  of  the  car  in  miles  per  hour. 
TT«=  Weight  of  the  car  in  tons. 
N=  Number  of  cars  in  the  train. 

A=  Effective  cross-sectional  area  of  the  car  body  and  trucks 
in  sq.  ft. 

1.  Street  Railway  Journal,  1904,  v.  24,  p.  1003. 

2.  Proc.  Amer.  Inst.  Elec.  Eng.,  1904,  v.  23,  p.  696. 

3.  Proc.  Amer.  Soc.  Mech.  Eng.,  v.  24,  p.  945. 

4.  Street  Railway  Journal,  1902,  v.  19,  p.   557. 

5.  Standard    Handbook   for   Electrical    Engineers.  Section  on  Electric  Traction,  by  A.  H. 
Armstrong. 

1'roc.   Amer.   Inst.   Elec.   Eng.,  1904.  v.   23,  p.   731. 
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APPENDIX  I. 

The  Electric  Test  Oar. 

The  electric  test  car,  by  means  of  which  the  tests  reported  in  this 
bulletin  were  made,  was  built  under  the  direction  of  the  University  of 
Illinois  and  placed  in  operation  in  1906.  The  equipment,  which  is  for 
500-volt  direct  current  operation,  was  placed  so  as  to  provide  facilities 
for  the  instruction  of  students  as  well  as  for  conducting  investigations 
concerning  various  features  of  electric  car  operation.  For  this  purpose 
the  switch  group,  circuit  breaker,  limit  switch  and  certain  other  parts 
of  the  equipment  were  placed  within  the  car  where  their  action  under 
all  conditions  might  readily  be  seen.  The  weight  of  the  car  with  its 
equipment,  subject  to  certain  corrections,  is  55  150  pounds.  The  cor- 
rections referred  to  are  necessitated  by  additions  to  the  equipment  and 
changes  made  therein  at  different  times.  The  general  design  of  the 
car  is  shown  in  Figs.  5,  6  and  7. 

Car  Body. — The  car  body,  which  is  of  the  double-end  type  commonly 
used  in  moderately  heavy  interurban  service,  was  built  by  the  Jewett 
Car  Co.,  of  Newark,  Ohio.  Its  principal  dimensions  are  given  in  Fig.  7. 
The  cross-sectional  area  of  the  body  and  trucks  is  90  square  feet. 
The  vestibules  are  of  the  round  end  type.  Ball  bearing  center  plates 
were  installed  between  tests  29  and  30. 

Trucks. — The  car  body  is  mounted  upon  Standard  Motor  Truck 
Company  C-60  type  trucks  whose  main  dimensions  are : — 

Distance  from  center  to  center  of  trucks  23  ft.  3  in. 

Wheel  base,  6  ft.  4  in. 

Lateral  play  of  axle  journals,  3/16  in. 

Axle  journals,  41/4  in.  X  8  in. 

Diameter  of  wheels,  33  in. 

Weight  of  truck  exclusive  of  electrical  equipment,  7824  pounds. 

On  one  truck  there  are  four  rolled  steel  wheels,  while  those  on  the 
other  truck  are  chilled  cast  iron.  Both  sets  have  the  standard  M.  C.  B. 
tread  and  flange. 

Motors. — On  each  truck  are  two  number  101-D  Westinghouse  500- 
volt,  direct  current  motors,  each  one  having  a  commercial  rating  of 
50  H.  P.  They  are  mounted  on  the  axles  and  geared  thereto  in  the 
ratio  of  22  :62.    The  characteristic  curves  are  shown  in  Fig.  8. 
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Fig.  5.    The  Electric  Railway  Test  Car. 


Fig.  6.    Interior  of  Electric  Railway  Test  Car. 
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Fig.  7.    Plan  and  Cross  Section  of  the  Electric  Railway  Test  Car. 

Control  Equipment. — The  motor  control  equipment  is  that  known 
as  the  Westinghouse  unit  switch  system  of  multiple  control.  In  this 
type  of  control  the  switches  which  make  the  necessary  connections  and 
short  circuit  the  starting  resistances  are  operated  by  compressed  air  from 
the  brake  reservoir.  The  valves  which  control  the  air  are  operated  from 
the  master  controller  through  the  medium  of  magnets  and  a  low  voltage 
storage  battery  circuit.  Acceleration  is  governed  by  a  limit  switch  the 
armature  of  which  is  weighted  to  give  the  desired  rate. 
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Fig.  8.    The  Characteristic  Curves  of  the  Test  Car  Motors. 


WESTINGHOUSE   NO.    101-D,   500  VOLT   D.    C.    RAILWAY    MOTOR. 
GEAR  RATIO  22.62.      33  INCH  WHEELS. 
CONTINUOUS  CAPACITY  46   AMPERES  AT  300  VOLTS. 
CONTINUOUS  CAPACITY  42  AMPERES   AT  400  VOLTS. 

1.  ELECTRICAL    HORSE    POWER. 

2.  BRAKE   HORSE  POWER  WITH   GEARS. 

3.  TRACTIVE    EFFORT. 

4.  EFFICIENCY  WITHOUT  GEARS. 

5.  APPROXIMATE  EFFICIENCY  WITH   GEARS. 

6.  SPEED. 
TIME  TO  RISE  75°  C.  FROM  25°  C. 
SAFE  TIME  FOR  LOAD  IN   SERVICE  FOR   20°   C.   RISE  FROM    75°   C. 


7. 


THE  RECORDING  APPARATUS. 

Within  the  car  there  is  apparatus  by  means  of  which  a  continuous 
graphical  record  may  be  kept  of  motor  current,  voltage,  speed,  time, 
distance,  location,  and  brake  cylinder  pressure  upon  a  chart  40  inches 
in  width. 

The  Chart. — Fig.  9  has  been  reproduced  from  a  tracing  of  a  portion 
of  the  chart  for  test  No.  121.  The  records  there  shown  are  grouped 
more  closely  together  than  in  the  original  record,  and  the  transverse 
lines  which  mark  one  of  the  sections  selected  for  calculation  and  some 
of  the   explanatory   lettering   do    not   appear   thereon.      This   chart   is 
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caused  to  pass  from  a  supply  roll,  over  a  series  of  tension  and  guide 
rolls  and  the  recording  table,  and  is  then  rewound  upon  a  detachable 
record  roll.  As  the  paper  travels  over  the  table  the  instruments  draw 
on  it  continuous  records  of  the  above  mentioned  data.  The  paper 
may  be  driven  by  a  motor,  thus  making  the  records  on  a  time  base,  or 
by  a  flexible  shaft  geared  to  the  axle,  thereby  making  them  on  a  distance 
base. 

Current  Record. — The  current  taken  by  the  motors  is  recorded  by 
a  General  Electric  graphic  recording  ammeter  which  is  excited  from  a 
storage  battery.  A  rheostat  is  provided  for  the  adjustment  of  the 
exciting  current  which  should  be  kept  at  a  constant  predetermined  value. 
Check  readings  may  be  made  by  means  of  an  indicating  ammeter  in  the 
same  circuit  as  the  recording  meter. 

Voltage  Record. — The  voltage  record  is  made  by  a  General  Electric 
graphic  recording  voltmeter  which  is  likewise  excited  by  a  constant 
current  from  the  storage  battery.  The  same  provision  is  made  for  making 
check  readings  as  described  for  the  current  record. 

Prior  to  test  121-122  these  instruments  were  connected  so  as  to  give 
a  record  of  line  voltage,  but  for  that  and  all  subsequent  tests  the  connec- 
tions were  changed  so  that  the  record  is  that  of  voltage  across  the 
terminals  of  one  motor. 

Speed  Record. — One  speed  record  is  made  by  a  General  Electric 
graphic  recording  ammeter  connected  in  the  armature  circuit  of  a  % 
kilowatt  low  voltage  generator  which  is  excited  by  a  constant  storage 
battery  current  and  driven  from  the  axle  by  a  flexible  shaft.  The  current 
generated  is  proportional  to  speed  and  therefore  the  recording  ammeter 
when  properly  calibrated  gives  a  record  of  speed. 

A  Boyer  mechanical  speed  recorder  was  installed  just  prior  to  test 
103-104  and  its  record  has  been  used  on  all  subsequent  tests. 

Instantaneous  values  of  speed  are  obtained  from  an  "Autometer," 
which  also  is  driven  from  the  flexible  shaft. 

Time  Record. — By  means  of  a  contacting  device  on  a  clock,  elec- 
trical connections  are  made  every  5  seconds  so  as  to  operate  two  magnets 
to  the  armatures  of  which  the  time  recording  pens  are  attached.  Offsets 
are  thus  made  in  the  two  time  lines  every  5  seconds. 

Location  Record. — An  observer,  by  means  of  a  telegrapher's  key. 
battery  circuit,  and  magnet  to  the  armature  of  which  a  recording  pen 
is  attached,  causes  offsets  to  be  made  in  the  line  giving  a  record  of 
location  as  a  given  point  on  the  test  car  passes  numbered  trolley  line 
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poles,  stations,  or  other  markers.  This  record  enables  one  to  correlate 
any  position  of  the  car  with  the  profile. 

Distance  Record. — A  pen  operated  electrically  from  a  contacting 
device  on  one  of  the  car  wheels  makes  an  offset  in  a  line  for  every  50 
feet  of  track  passed  over  by  the  car.  This  record  is  used  merely  as 
a  check  on  the  distances  obtained  from  a  table  giving  the  exact  distance 
between  any  two  trolley  line  poles. 

Brake  Cylinder  Pressure. — A  pressure  gage  connected  to  the  brake 
cylinder  has  been  modified  so  as  to  make  a  record  upon  the  chart.  This 
record  is  used  merely  to  determine  and  to  avoid  those  portions  of  tests 
during  which  the  brakes  were  applied. 

Auxiliary  Apparatus. — The  power  consumed  by  the  motors  may  be 
obtained  from  an  integrating  wattmeter.  A  separate  wattmeter  indicates 
the  power  consumed  by  the  pump  motors.  For  a  part  of  the  tests  herein 
reported  two  water  rheostats  were  placed  in  the  trolley  circuit  for  the 
purpose  of  cutting  down  the  voltage  and  thereby  obtaining  lower  speeds 
than  it  was  otherwise  possible  to  maintain. 
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APPENDIX  II. 

Methods  Employed  in  Calculating  the  Eesults. 

The  steps  in  the  process  by  which  the  final  results  have  been  reached 
are  here  explained  in  some  detail.  The  description  of  the  general  process 
which  has  been  given  in  Section  IV  of  the  body  of  the  report  is  to  be 
considered  as  supplementary  to  this  Appendix.  The  data  taken  and 
the  methods  by  which  they  were  obtained  have  been  described  there 
and  in  Appendix  I.  Fig.  9  has  been  reproduced  from  a  portion  of  the 
chart  made  by  the  recording  apparatus  during  test  number  121. 

Selection  of  the  Sections. — From  the  chart  produced  during  each 
test,  sections  have  been  chosen  for  calculation  by  comparison  of  the 
profile  and  chart.  As  has  been  stated,  only  those  sections  were  considered 
where  the  car  was  running  on  straight  track,  and  over  which  no  brake 
applications  were  made.  They  were  selected  so  that  the  average  speeds 
over  the  sections  chosen  from  any  particular  test  should  cover  as  wide  a 
range  as  possible,  and  so  that  the  number  of  sections  from  east  bound 
runs  would  be  balanced  by  the  same  or  approximately  the  same  number 
from  west  bound  runs.  In  this  way  the  number  of  resistance  deter- 
minations made  from  data  obtained  during  runs  against  the  wind  were 
balanced  by  an  approximately  equal  number  for  the  opposite  condition. 
In  addition,  the  following  were  considered  sufficient  reasons  for  the 
rejection  of  any  section  of  chart: 

a.  Any  considerable  variation  of  the  current  or  voltage 
from  the  average  value. 

b.  Heavy  grades  between  the  section  limits.  Level  track 
or  light  uniform  grades  are  of  course  the  preferable  con- 
ditions. 

c.  A  large  difference  in  the  speed  of  the  car  when  entering 
and  when  leaving  the  track  section  or  at  any  points  be- 
tween the  section  limits. 

Aside  from  other  considerations  it  is  highly  desirable  to  choose  both 
track  and  chart  sections  so  that  the  energy  consumed  by  acceleration 
and  grade  shall  be  as  small  as  possible,  in  order  that  errors  in  their 
calculation  shall  have  slight  effect  on  the  accuracy  of  the  values  of 
average  net  car  resistance.  When  the  variation  in  speed  is  large  the 
energy  required  to  produce  acceleration  is  alone  frequently  greater  than 
that  required  to  overcome  all  other  resistances  combined. 


DUNN — RESISTANCE  OF  A  28-TON  ELECTRIC  CAR  31 

Fig.  9  shows  one  of  the  chart  sections  selected  from  a  run  made 
over  a  track  section  lying  between  trolley  line  poles  numbered  4  and  12. 
These  limiting  points  are  designated  on  Fig.  9  by  numbered  offsets  in 
the  location  record.  Parallel  lines  drawn  through  them  and  per- 
pendicular to  the  location  record  line  intercept  all  but  four  of  the 
records  at  the  points  occupied  by  the  pens  at  the  moment  when  the  car 
entered  and  left  the  track  section.  The  four  records  in  question,  namely, 
current,  voltage,  brake  cylinder  pressure,  and  speed  by  the  electrical 
recorder,  are  made  by  pens  which  move  along  arcs  of  circles  and  which 
are  adjusted  so  that  in  their  zero  position  their  recording  points  lie 
in  the  same  straight  line  as  the  other  pens.  For  any  but  the  zero 
reading,  however,  these  pens  take  positions  ahead  of  the  others  and 
consequently  allowance  must  be  made  for  this  fact  in  determining 
their  positions  at  the  moments  when  the  car  passed  the  points  of 
entrance  and  exit.  This  matter  has  been  cared  for  by  means  of  tem- 
plates, as  shown  in  Fig.  9. 

The  Calculations. — The  result  desired  from  each  such  section  of 
chart  is  a  value  of  average  net  car  resistance.  The  following  explanation 
of  the  derivation  of  each  column  of  data  in  the  tables  should  make 
clear  all  the  processes  involved  in  the  production  of  the  final  results. 

Table  1  gives  a  summary  of  test  conditions.  Tables  3  to  12  inclu- 
sive present  original  data,  and  intermediate  and  final  results  as  follows : 

Column  1.     (Item  No.)  is  self  explanatory. 

Column  2.     (Test  No.)  is  self  explanatory. 

Column  8.     (Wind  opposing  or  helping)  is  from  original  data. 

Column  Jf.  (Section  limits)  defines  the  track  section  as  well  as 
the  chart  section  by  stating  the  limiting  points  which  have  been  desig- 
nated by  trolley  line  pole  numbers.  The  location  of  each  line  pole  or 
other  marker  is  shown  accurately  upon  the  profiles. 

Column  5.  (Grade)  is  derived  from  column  4  and  the  profiles, 
and  expresses  the  grade  as  the  difference  in  elevation  in  feet  between 
the  entrance  and  exit  points.  A  positive  sign  indicates  that  the  car  is 
going  up  grade. 

Column  6.  (Length  of  section)  is  derived  from  column  4  and  a 
table  giving  the  exact  distance  between  any  two  trolley  line  poles. 

Column  7.  (Time)  is  derived  from  the  time  record  on  the  chart 
by  determining  the  number  of  whole  and  decimal  parts  of  5-second 
intervals  included  between  the  parallel  lines  drawn  through  the  limiting 
points  of  the  section. 
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Column  8.     (Motor  data)  is  from  the  original  data. 

Column  9.  (Efficiency)  is  derived  from  columns  8,  13  and  14, 
and  a  table  of  efficiencies. 

Tables  3  to  12  inclusive,  in  Appendix  III,  show  that  the  voltage 
(column  13)  varied  from  about  100  to  600  volts.  The  low  voltages  were 
due  largely  to  the  method  of  using  rheostats  on  the  car  for  the  purpose 
of  obtaining  low  speeds.  It  was  thought  that  the  efficiency  curve 
for  the  motors  at  500  volts  was  not  accurate  enough  under  such  condi- 
tions and  therefore  one  of  the  motors  was  removed  from  the  truck  and 
a  series  of  efficiency  tests  made  upon  it  at  five  different  voltages,  namely, 
120,  200,  300,  400,  and  500.  From  the  results  of  these  tests  a  set  of 
efficiency  curves  for  the  test  car  motors  with  gears  was  constructed,  the 
Westinghouse  Electric  &  Machine  Company's  standard  gear  losses  being 
used.  The  500-volt  curve,  thus  determined,  corresponds  with  the  curve 
provided  by  the  manufacturer.  From  these  curves  the  above  mentioned 
table  was  compiled. 

Column  10.     (Item  No.)  is  self  explanatory. 

Column  11.  (Speed  at  entrance  to  the  section)  The  height  of 
the  speed  curve  above  its  base  line  at  the  point  occupied  by  the  recording 
pen  at  the  moment  the  car  entered  the  track  section  represents  the  speed 
of  the  car  at  that  moment,  to  some  scale  determined  by  a  calibration 
curve.  Such  a  curve  was  made  for  each  test  by  plotting  average  speeds 
calculated  from  columns  6  and  7  against  the  corresponding  average 
heights  of  the  speed  curve  in  sufficient  number  to  determine  a  curve. 
Straight  lines  were  found  to  satisfy  the  conditions  and  for  each  one 
the  equation  was  found  and  used  in  the  calculations. 

Column  12.  (Speed  at  exit  from  the  section)  is  determined  from 
the  height  of  the  speed  curve  at  the  point  of  exit,  and  the  equation  of 
the  calibration  curve  as  explained  above. 

Column  IS.  (Average  voltage)  is  determined  by  first  obtaining 
the  average  height  of  the  voltage  curve  between  the  section  limits.  From 
a  calibration  table  the  voltage  corresponding  to  the  average  height  may 
be  found  and  it  is  recorded  in  column  13. 

Column  llf.  (Average  current)  is  determined  from  the  current 
curve  in  the  same  manner  as  column  13  from  the  voltage  curve. 

Column  15.  (Energy  imparted  to  the  car  by  the  current)  is  cal- 
culated by  means  of  the  equation — 

Ec=  WXeXTX  2655. 
in  which  Ec  =  the  energy  in  foot  pounds  imparted  to  the  car  by  the 
current. 
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W  =  Average  watts,  calculated  from  columns  13  and  14. 
e  ==  The  efficiency  of  the  motors  and  gears  for  the  given  current 

and  voltage  (Column  9). 
T  =  The   time  in  hours   for   the   car   to   traverse   the  section  = 
column  7 
3600 
2655  =  foot  pounds  in  one  watt  hour. 

Column  16.  (Energy  imparted  to  the  car  by  the  change  in  kinetic 
energy  between  the  entrance  and  exit  points)  is  determined  from  the 
entrance  and  exit  speeds  (columns  11  and  12),  and  an  equation  express- 
ing the  relation  between  kinetic  energy  and  the  speed  of  the  car.  This 
equation  was  derived  from  a  series  of  determinations  of  the  force  re- 
quired to  produce  acceleration  in  the  rotation  of  the  revolving  parts  as 
well  as  of  the  force  required  to  produce  the  acceleration  in  the  motion 
of  translation  of  the  car  as  a  whole.    The  equation  follows : 

#k=(1995  +  5P)  (SS  —  8S) 
in  which  Z7k  =  The  energy  in  foot  pounds  imparted  to  the  car  by  the 
change  in  kinetic  energy  between  the  entrance  and  exit 
points. 
#1  =  The  speed  of  the  car  in  miles  per  hour  at  the  moment  of 

entering  the  track  section  (column  11). 
82  —  The  speed  of  the  car  in  miles  per  hour  at  the  moment  of 

leaving  the  track  section  (column  12). 
P  =  The  number  of  additional  150  pounds  above  the  weight  of  the 
car  and  its  regular  equipment,  that  is  above  55  150  pounds. 
This  item  includes  live  load  and  special  equipment. 
1995  and  5  are  constants  derived  from  the  inertia  calculations  re- 
ferred to  above. 
A  negative  sign  before  the  figures  in  column  16  indicates  that  the 
speed  of  the  car  had  increased  in  passing  over  the  track  section  and 
consequently  that  the  kinetic  energy  possessed  by  the  car  at  the  moment 
it  left  the  section  was  greater  than  when  it  entered  it  by  the  amount 
given.    This  energy  had  to  be  supplied  by  the  current,  by  the  grade,  or 
by  both  current  and  grade. 

Column  11.  (Energy  imparted  to  the  car  by  the  grade)  is  the 
product  of  the  weight  of  the  car  (column  2,  Table  1)  and  the  difference 
in  elevation  in  feet  between  the  points  of  entrance  and  exit.  A  nega- 
tive sign  indicates  that  the  car  is  going  up  grade  and  is  consequently 
requiring  additional  energy  for  that  purpose. 

Column  18.      (Net  car  resistance  in  pounds  per  ton) — The  net 
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energy  used  in  overcoming  car  resistance  alone  while  traversing  the 
track  section  is  first  found  from  columns  15,  16  and  17  by  correcting 
the  energy  delivered  by  the  current,  for  changes  in  speed  and  grade. 
From  the  net  energy  the  average  value  for  the  section  is  found  by  divid- 
ing by  the  length  of  that  section  in  feet  (column  6),  and  this  in  turn  is 
reduced  to  net  car  resistance  in  pounds  per  ton  of  car  weight  by  dividing 
by  the  weight  of  the  car  in  tons.  This  is  the  result  desired  from  each 
chart  section. 

Column  19.  (Average  speed)  is  calculated  from  the  length  of  the 
track  section  (column  6)  and  the  time  required  to  traverse  that  distance 
(column  7).  Columns  18  and  19  provide  the  co-ordinates  of  the  points 
plotted  in  Figs.  10  to  19. 

Method  of  Obtaining  the  Mean  Curves  of  Car  Resistance  for  Tests 
of  Groups  A  and  B. — As  described  on  page  13,  the  ordinates  of  points 
on  the  mean  curves  for  the  individual  tests  of  groups  A  and  B  have  been 
calculated  by  means  of  an  equation  which  is  based  on  the  assumption  that 
wind  resistance  varies  as  the  square  of  the  speed.  The  derivation  of  the 
equation  follows : 

Let  RB  =  the  resistance  at  speed  s  excluding  air  resistance 

R  =  the  total  resistance  at  speed  s  =  RB  +  cs2  ( 1 ) 

in  which  c  =  some  constant  quantity 

R&  =  the  resistance  for  a  run  against  the  wind  at  speed  s 
==RsJrc{s  +  vy  (2) 

in  which  i;  =  the  component  of  the  wind  velocity  parallel  to  the  track. 
Rw  =  the  resistance  for  a  run  at  speed  s  with  the  wind 

=  Rs  +  c(s  —  vy  (3) 

Subtracting  equation  (3)  from  (2)  and  solving  for  c 
R&  —  Rw 


4sv 
Substituting  (4)  in  equation  (2)  and  solving  for  RB 


U) 


Rs  =  R.-\^(s  +  vy  (5) 

Substituting  equation  (5)  in  equation  (1) 

fl  =  fl,-Ra~Ew  (2»  +  «)  (6) 

Equation  (6)  is  the  one  sought.  The  mean  curves  of  groups  A  and 
B,  calculated  by  means  of  this  equation,  and  those  of  group  C,  determined 
as  described  on  page  16,  after  being  modified  as  described  on  page  14 
to  conform  to  the  general  shape,  were  accepted  as  the  results  desired  from 
the  individual  tests. 
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APPENDIX  III. 

The  Results  of  the  Individual  Tests. 


Note. — In  the  figures  solid  dots  are  for  runs  with  the  wind,  and 
open  circles  are  for  runs  against  the  wind. 
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.    Table  3 
Test  No.  15-16. 


1 

2 

3 

4 

5 

6 

7 

8 

9 

Test 
No. 

Wind 
Opposing 

or 
Helping 

Section  Limits. 

Grade. 

Rise  or  Fall 

Over 

Section. 

+  Up 
—  Down 

Length 

of 
Track 
Section 

Time 

to 

Run 

Over 

Section 

Motor  Data 

Number 

inU8e 

and 

Connection 

Item 
No. 

Trolley  Line 

Pole 

Numbers. 

Efficiency 

of  Motors 

and 

Gears 

OorH 

Feet 

Feet 

See's. 

% 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 

15 

a 
a 

16 

H 

0 

1  620-1  575 
1  470-1  440 
1  440-1  380 
1  380-1  345 
1  335-1  305 
1  295-1  270 
1  250-1  230 
1  070-    970 
970-1  000 
1  000-1  035 
1  035-1  070 
1  115-1  135 
1  270-1  295 
1  305-1  330 
1  400-1  430 
1  455-1  480 
1  480-1  535 
1  580-1  620 

+13.20 
+  4.17 

—  5.34 
—10.15 

—  3.45 
+  4.05 

—  3.74 

—  9.92 
+  4.23 
+  3.53 
+  2.15 

—  1.19 

—  4.05 
+  3.41 
f  1.57 
+  0.42 
+17.12 
—14.74 

4  009 

2  991 

5  994 

3  503 
2  986 
2  495 

1  987 
9  987 

2  958 

3  480 
3  549 

1  988 

2  495 
2  488 
2  998 

2  492 
5  473 

3  576 

77.21 
72.14 

127.94 
63.14 
53.30 
42.50 
32.20 

173.99 
61.88 
69.21 
66.02 
38.47 
42.82 
43  66 
67.76 
52.40 

110.77 
67.54 

4  M 

85.1 

78.4 
79.6 
77.5 
81.0 
81.4 
82.4 
81.2 
82.0 
82.2 
82.9 
85.4 
82.4 
81.8 
80.7 
81.0 
81.4 
81.4 

*S= Series-multiple.    M  =  Multiple.    Sw= Switching.    C= Coasting. 


i- 

-' 

z 

0 

h 

a. 

hi 
a 

i/i 

CD 
J 

UJ 

u 
z 
< 

h 
01 

0) 

UJ 

a. 

ac 

< 
u 

-  M 

TEST    NO.     15-16 

12l 

-25- 

'     II 

// 

1 

•  c 

* 

1 

*h 

' 

„ ' 

c 

)  )Oy 

i»e  , 

,t 

-20- 

'-<>- 

•     \ 

' 

• 
4  — 

\    ' 

I5< 

Sst* 

/' 

/ 

t* 

'a 

s 

' 

'17 

Z 

• 

-15 

-10- 

-  5 

^ 

lit 

1^ 

JO 

2b 

M) 

} 

r. 

40 

45 

5PEE 

D 

-  M.P 

h 

1. 

Fig.  10. 


DUNN — RESISTANCE  OF  A  28-TON  ELECTRIC  CAR 


37 


Table  3  (Continued) 
Test  No.  15-16. 


10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

Speed 

Aver- 
age 

Volt- 
age 

Average 
Current 

Energy  Imparted  to  Car 

Net 
Car 
Resist- 
ance 

Average 
Speed 

Over 

the 
Section 

Item 
No. 

At 
Entrance 

to 
Section 

At 

Exit 

From 

Section 

By  the 
Current 

By  the  Change 

in  Kinetic 

Energy 

By  the  Grade 

M.  P.  H. 

M.  P.  H. 

Volts 

Amp's. 

Ft.  Lbs. 

Ft.  Lbs. 

Ft.  Lbs. 

Lbs.  Per 

Ton 

M.  P.  H. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

U 

12 

13 

14 

15 

16 

17 

18 

33.46 
26.65 
29.24 
35.08 
37.99 
39.94 
37.99 
34.10 
29.57 
32.16 
35.40 
29.89 
36.70 
37.99 
27.62 
28.60 
31.19 
29.24 

38.32 
29.24 
35.08 
36.37 
38.64 
39.29 
40.58 
41.23 
32.16 
35.40 
37.02 
36.37 
38.96 
37.34 
31.19 
31.19 
32.16 
36.37 

510 
351 
394 
411 
469 
494 
534 
467 
436 
452 
492 
554 
523 
492 
388 
422 
436 
456 

171.7 
132.1 
128.4 
113.4 
129.9 
129.9 
133.3 
131.5 
141.1 
141.1 
142.0 
170.1 
135.1 
132.6 
138.8 
134.6 
136.6 
134.4 

4  243  500 
1  934  200 
3  800  000 
1  682  000 
1  940  000 
1  637  000 

1  392  800 
6  398  500 

2  302  000 
2  676  000 
2  820  000 
2  283  000 
1  839  000 

1  718  000 

2  172  000 

1  778  000 

3  961  000 

2  485  100 

—  720  400 

—  298  900 

—  775  700 

—  190  300 

—  102  860 
+     106  350 

—  420  200 
—1  109  100 

—  330  150 

—  452  000 

—  242  300 

—  886  600 

—  353  100 
+     101  100 

—  433  550 

—  319  800 

—  126  900 

—  966  000 

—747  100 
—236  000 
+302  200 
+574  500 
+195  300 
—229  200 
+211  700 
+561  500 
—239  400 
—199  800 
—121  700 
+  67  350 
+229  200 
—193  000 

—  88  860 

—  23  770 
—969  000 
+834  300 

24.46 
16  51 
19.60 
20.84 
24.05 
21.44 
21.06 
20.69 
20.69 
20.55 
24.45 
26.01 
24.28 
23.09 
19  44 
20.34 
18.49 
23.25 

35.42 
28.27 
31.95 
37.83 
38.20 
40.04 
42.07 
39.15 
32.59 
34.28 
36.64 
35.24 
39.73 
38.85 
30.18 
32.43 
33.68 
36.10 
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Table  4 
Test  No.  23-24. 


1 

2 

3 

4 

5 

6 

7 

8 

9 

Test 

Wind 
Opposing 

Section  Limits. 

Grade 

Rise  or  Fall 
Over 

Length  of 
Track 
Section 

Time  to  Run 
Over 
Section 

Motor  Data 

Item 

Number 
in  Use 

Effici- 
ency 

No. 

No. 

or 

Trolley  Line  Pole 

Section 

and 

of 

Helping 

Numbers. 



Connec- 

Motors 

+  Up 

tion 

and 

—  Down 

• 

Gears 

Oor  H 

Feet 

Feet 

See's 

% 

1 

23 

H 

1  471    -1  462 

+0.2 

897 

18.71 

4  M 

83.5 

2 

u 

u 

1  462    -1  453 

+0.6 

896 

16.50 

U        u 

82.6 

3 

■ 

■ 

1  402.7-1  396.7 

—1.94 

600 

10.75 

■       a 

76.6 

4 

" 

* 

1  394.2-1  388.2 

—0.16 

594 

10.12 

u      u 

80.8 

5 

■ 

u 

1  361    -1  343 

—1.49 

1  804 

27.91 

u      u 

79.3 

6 

" 

" 

1  291    -1  282 

—0.06 

901 

14.42 

u       u 

80.0 

7 

■ 

u 

1  081    -1  075 

+0.78 

582 

10.07 

a       u 

84.5 

8 

" 

" 

1  012    -    970 

—4.76 

4  144 

66.90 

u       u 

81.8 

9 

" 

" 

917.2-    901.75 

+  1.02 

1  529 

28.33 

u       a 

83.3 

10 

■ 

" 

871.5-    853.4 

+2.15 

1  803 

31.65 

a       a 

79.9 

11 

" 

" 

780.4-    720.5 

—6.74 

5  970 

90.30 

a       ■ 

83.4 

12 

■ 

■ 

567.4-    540.5 

+0.43 

2  689 

45.07 

a       a 

82.9 

13 

■ 

■ 

489.3-    468.5 

+0.50 

2  083 

36.89 

u      a 

81.2 

14 

" 

* 

190.5-    150.5 

—3.96 

3  948 

86.45 

■       u 

80.0 

15 

24 

0 

168.8-    190.5 

+3.19 

2  090 

40.56 

u       « 

83.2 

16 

* 

u 

403.1-    420.2 

+1.33 

1  664 

35.60 

■       a 

83.1 

17 

" 

" 

459.5-    492.3 

+0.53 

3  276 

66.55 

a       a 

80.5 

18 

" 

■ 

550.5-    570.3 

—0.62 

1  977 

33.94 

a      u 

82.5 

19 

" 

u 

625.3-    687.5 

+2.29 

6  270 

109.49 

u      « 

84.3 

20 

■ 

" 

726.3-    780.4 

+5.57 

5  392 

92.98 

■      " 

84.0 

21 

■ 

■ 

1  039    -1  075 

+2.53 

3  678 

74.00 

a       u 

83.3 

22 

■ 

" 

1  111    -1  141 

—0.98 

2  982 

50.94 

u       u 

84.5 

23 

■ 

■ 

1  226.5-1  251.5 

+5.48 

2  483 

43.86 

u       a 

83.9 

24 

" 

■ 

1  273    -1  297.5 

—2.46 

2  443 

40.00 

■       ■ 

83.8 

25 

" 

■ 

1  306.8-1  334 

+2.99 

2  707 

44.56 

■       ■ 

83.7 

26 

a 

" 

1  343    -1  373 

+4.97 

3  004 

50.88 

■       ■ 

82.2 

27 

1  406    -1  465 

—5.11 

5  889 

100.11 

82.0 

•S  =  Series-multiple.    M  =  Multiple.    Sw=Switching.    C  =  Coasting. 

Table  5 
Test  No.  73-74. 


1 

2 

3 

4 

5 

6 

7 

8 

9 

Item 
No. 

Test 
No. 

Wind 

OorH 

Section  Limits 

Grade 

Length  of 
Section 

Time 

Motor  Data 

No.  and 
Connection 

Efficiency 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

73 

74 

« 

H 
O 

1  470-1  455 
1  455-1  470 

+0u56 
—0.56 

1  495 

23.78 
24.60 
29.00 
28.58 
28.31 
37.80 
26.91 
28.40 

30  35 

31  94 
38.58 

4  M 
4  M 

4  M 
4   S 
4  S 

C 
4  M 
4  M 
4  S 
4  S 

C 

81.1 
81.9 
80.4 
84.7 
84.7 

82.7 
83.3 

85.5 
85.8 

•S= Series-multiple.    M  =  Multiple.    Sw  =  Switchicg.    C  =  Coasting. 
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Table  4  (Continued) 
Test  No.  23-24. 


10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

Speed 

Energy  Imparted  to  Car 

Net 

Average 

Speed 

Over 

Section 

Item 
No. 

At 

Entrance 

to 

At 
Exit 
from 

Average 
Voltage 

Average 
Current 

By  the 
Current 

By  the  Change 

in  Kinetic 

Energy 

By  the  Grade 

Car 

Resist- 
ance 

Section 

Section 

M.P.H. 

M.P.H. 

Volts 

Amp's. 

Ft.  Lbs. 

Ft.  Lbs. 

Ft.  Lbs. 

Lbs.  Per 
Ton 

M.P.H 

1 

31.33 

34.97 

464 

153.8 

822  230 

—    493  520 

-  11  250 

12.58 

32.69 

2 

34.97 

37.16 

455 

145.3 

664  520 

-    323  040 

-  33  750 

12.21 

37.02 

3 

38.61 

39.71 

435 

108.5 

286  630 

-     176  180 

+  109  120 

13.01 

38.05 

4 

39.52 

40.07 

482 

127.0 

369  150 

—      89  520 

+    9  000 

17.28 

40.02 

5 

43.53 

44.62 

477 

118.5 

922  650 

—    196  490 

+  83  810 

15.96 

44.05 

6 

46.99 

46.81 

503 

120.3 

514  820 

+      34  530 

+    3  380 

21.81 

42.60 

7 

39.34 

40.98 

528 

159.4 

528  160 

—    269  380 

—  43  870 

13.13 

39.40 

8 

41.71 

44.62 

529 

129.5 

2  764  800 

—    513  750 

+267  750 

21.61 

42.23 

9 

37.34 

39.16 

515 

144.0 

1  290  700 

—    284  730 

—  57  380 

22.06 

36.80 

10 

39.16 

39.16 

459 

123.0 

1  052  900 

0 

-120  900 

18.38 

38.84 

11 

42.26 

47.90 

605 

132.6 

4  455  700 

—1  039  900 

+379  120 

22.60 

45.08 

12 

37.16 

40.98 

536 

137.5 

2  030  800 

—    610  420 

—  24  190 

18.46 

40.68 

13 

35.15 

37.34 

465 

131.5 

1  350  900 

—    324  650 

—  28  130 

17.07 

38.50 

14 

29.14 

37.34 

422 

127.2 

2  737  900 

—1  114  800 

+222  700 

16.62 

31.14 

15 

34.24 

36.97 

464 

149.6 

1  727  500 

—    397  550 

—179  400 

19.57 

35  13 

16 

29.14 

33.70 

448 

151.4 

1  479  800 

—    586  000 

—  74  810 

17.50 

31.85 

17 

32.42 

33.70 

426 

130-8 

2  201  500 

—    173  080 

—  29  810 

21.69 

33.57 

18 

38.61 

38.25 

526 

136.0 

1  477  200 

+      56  580 

+  34  880 

28.21 

39.71 

19 

33-15 

41.89 

548 

151.6 

5  655  200 

—1  341  200 

—128  800 

23-73 

39.04 

20 

37.34 

40.62 

548 

146-9 

4  636  900 

—    522  920 

—313  310 

25-06 

39.50 

21 

30.05 

37.16 

476 

150-0 

3  245  900 

—    977  230 

—142  300 

20-55 

33.89 

22 

37.89 

40.98 

571 

149-4 

2  708  100 

—    498  380 

+  55  130 

27-00 

39.89 

23 

39.16 

39.52 

536 

147- 1 

2  139  800 

—      57  920 

—308  300 

25-40 

38.61 

24 

41.53 

42.99 

560 

142-0 

1  965  800 

—    252  350 

+138  400 

26-95 

41.64 

25 

42.80 

41.89 

548 

142-4 

2  146  500 

+    157  600 

-168  200 

28-05 

41.41 

26 

42.26 

40.44 

517 

133- 3 

2  125  700 

+     307  800 

-279  560 

25-49 

40.26 

27 

38.25 

42.07 

515 

132-2 

4  121  800 

-    627  450 

+287  440 

22-83 

40.11 

Table  5  (Continued) 
Test  No.  73-74. 


10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

Item 
No. 

Speed 

Energy  Imparted  to  Car 

Net  Car 
Resistance 

Average 
Speed 

Entrance 

Exit 

Voltage      Current 

By  Current 

By  Kinetic 
Energy 

By  Grade 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

41.35 
40.83 
33.56 
36.16 
35.12 
30.10 
36.68 
34.60 
32.52 
30.97 
30.10 

42.21 
41.52 
35.29 
36.85 
35.99 
24.09 
37.20 
36.33 
33.39 
32.87 
24.05 

516 
520 
443 
528 
530 

507 
506 
530 
528 

125.8 
130.5 
127.7 
80.9 
81.2 

138.6 
144.9 
92.1 
98.0 

923  200 
1  008  000 
972  800 
762  700 
761  100 

—146  950 
—116  200 
—243  600 
—103  000 
—126  500 
+666  000 
—  78  560 
—250  950 
—117  250 
—248  050 
+669  950 

— 3W20 
+31J20 

m 

17.58 
20.31 
16.47 
14.83 
14.23 
14.98 
26.12 
25.02 
20.02 
19.59 
16.56 

42.87 
41.45 
35.13 
35.72 
36.00 
26.96 
37.87 
35.89 
33.58 
31.91 
26.42 

1  153  000 

1  279  000 

934  100 

1  046  000 
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Table  6 
Test  No.  77-78. 


, 

2 

3 

4 

5 

6 

7 

8 

9 

Teat 
No. 

Wind 
Oppos- 
ing 
or 
Helping 

Section  Limits. 

Trolley  Line  Pole 
Numbers 

Grade 

Rise  or  Fall 

Over 

Section 

+~Up 
—  Down 

Length  of 
Track 
Section 

Time  to  Run 

Over 

Section 

Motor  Data 

Item 
No. 

Number  in 

Use  and 
Connection 

Efficiency  of 

Motors 

and  Gears 

OorH 

Feet 

Feet 

See's. 

% 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 

77 
78 
77 
78 
77 
78 
77 
77 
78 
77 
78 
77 
78 
78 

H 
0 
H 
0 
H 
0 
H 
H 
0 
H 
0 
H 
0 
0 

1  470-1  455 
1  455-1  470 
1  470-1  455 
1  455-1  470 
1  470-1  455 
1  455-1  470 
1  470-1  455 
1  470-1  455 
1  455-1  470 
1  470-1  455 
1  455-1  470 
1  470-1  455 
1  455-1  470 
1  455-1  470 

+0.56 
—0.56 
+0.56 
—0.56 
+0.56 
—0.56 
+0.56 
+0.56 
—0.56 
+0.56 
—0.56 
+0.56 
—0.56 
—0.56 

1  495 

23.03 
27.68 
32.87 
32.57 
35.48 
36.26 
38.01 
57.22 
95.00 
85.00 
79.45 
77.58 
80.06 
29.82 

4  M 
4  M 
2  M 
2  M 
2  M 
2  M 
2  M 

C 

C 

C 

C 

C 

C 
4  M 

78.5 
82.3 
85.0 
85.7 
81.6 
78.9 
79.3 

82.2 

"S= Series-multiple.    M  =  Multiple.    Sw= Switching.    C  =  Coasting. 
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Table  6  (Continued) 
Test  No.  77-78. 


r  ,■■■  ■  ■■ 
10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

Speed 

Energy  Imparted  to  the  Car 

Net 

Average 

Item 
No. 

At 

Entrance 

to 

At 
Exit 
from 

Average 
Voltage 

Average 
Current 

By  the 
Current 

By  the  Change 

in  Kinetic 

Energy 

By  the  Grade 

Car 
Resist- 
ance 

Speed 
Over  the 
Section 

Section 

Section 

M.  P.  H. 

M.  P.  H. 

Volte 

Amp's. 

Ft.  Lbs. 

Ft.  Lbs. 

Ft.  Lbs. 

Lbs.  Per 
Ton 

M.  P.  H. 

, 

45.22 

44.46 

507 

112.4 

759  750 

+  139  720 

—31  810 

20.44 

44.25 

2 

35.48 

37.01 

499 

136.8 

1  146  960 

—227  360 

+31  810 

22.41 

36.82 

3 

29.94 

31.85 

480 

89.5 

885  210 

—241  940 

—31  810 

14.40 

31.01 

4 

34.34 

36.05 

507 

98.7 

1  029  860 

—246  750 

+31  810 

19.19 

31.29 

5 

28.61 

29.94 

510 

64.9 

706  830 

—159  640 

—31  810 

12.14 

28.72 

6 

27.84 

26.31 

499 

57.6 

606  320 

+169  840 

+31  810 

19.03 

28.11 

7 

26.12 

25.17 

420 

61.1 

570  050 

+  99  890 

—31  810 

15.03 

26.82 

8 

19.06 

12.37 

+431  050 

—31  810 

9.40 

17.81 

9 

14.85 

6.64 

+361  690 

+31  810 

9.27 

10.73 

10 

15.43 

10.46 

+263  780 

—31  810 

5.46 

11.99 

11 

17.15 

8.55 

+453  090 

+31  810 

11.42 

12.83 

12 

15.04 

9.89 

+263  200 

—31  810 

5.45 

13.14 

13 

17.72 

8.93 

+480  220 

+31  810 

12.06 

12.73 

14 

31.66 

34.72 

412 

146.0 

1  086  840 

—116  400 

+31  810 

16.54 

34.18 
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Table  7 
Test  No.  91-92. 


1 

2 

3 

* 

6 

7 

8                     9 

Test 
No. 

Wind 
Oppos- 
ing 
or 
Helping 

Section  Limits. 

Trolley  Line  Pole 
Numbers 

Grade. 

Rise  or  Fall 

Over 

Section. 

+  Up 
—  Down 

Length  of 
Track 
Section 

Time  to  Run 

Over 

Section 

Motor  Data 

Item 
No. 

Number  in 

Use  and 
Connection 

Efficiency  of 

Motors 

and  Gears 

OorH 

Feet 

Feet             See's. 

% 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

92 
91 
92 
91 
92 
91 
92 
91 
92 
91 
92 

0 
H 
0 
H 
0 
H 
0 
H 
0 
H 
0 

1  455-1  470 
1  470-1  455 
1  455-1  470 
1  470-1  455 
1  455-1  470 
1  470-1  455 
1  455-1  470 
1  470-1  455 
1  455-1  470 
1  470-1  455 
1  455-1  470 

—0.56 
+0.56 
-0.56 
+0.56 
—0.56 
+0.56 
—0.56 
+0.56 
—0.56 
+0.56 
—0.56 

1  495 

31.50 
25.61 
29.80 
30.35 
43.89 
36.46 
37.86 
44.96 
45.94 
41.47 
63.71 

4  M 
4  M 
4  M 

C 

C 

C 

C 

C 

C 

C 

C 

81.5 
78.0 
82.0 

*S  =  Series-multiple.     M= Multiple.    Sw= Switching.    C= Coasting. 


Table  8 
Test  No.  95-96. 


1 

2 

3 

4 

5 

6 

7 

8 

9 

Item 
No. 

Test 
No. 

Wind 
OorH 

Section  Limits 

Grade 

Length  of 
Section 

Time 

Motor  Data 

No.  and 
Connection 

Efficiency 

2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 

95 
96 
95 
96 
95 
96 
95 
96 
95 
96 
95 
96 
95 
96 
95 
96 
95 
96 

H 
O 
H 
O 
H 
O 
H 
O 
H 
O 
H 
O 
H 
0 
H 
O 
H 
O 

1  470-1  455 
1  455-1  470 
1  470-1  455 
1  455-1  470 
1  470-1  455 
1  455-1  470 
1  470-1  455 
1  455-1  470 
1  470-1  455 
1  455-1  470 
1  470-1  455 
1  455-1  470 
1  470-1  455 
1  455-1  470 
1  470-1  455 
1  455-1  470 
1  470-1  455 
1  455-1  470 

+0.56 
—0.56 
+0.56 
—0.56 
+0.56 
—0.56 
+0.56 
—0.56 
+0.56 
—0.56 
+0.56 
—0.56 
+0.56 
—0.56 
+0.56 
—0.56 
+0.56 
—0.56 

1  495 

21.97 
27.55 
23.90 
27.42 
24.70 
28.40 
43.37 
58.10 
32.00 
33.10 
27.50 
30.20 
38.05 
33.30 
87.25 
35.20 
48.05 
39.75 

4   S 
4  S 

4  M 

C 

c 
c 
c 
c 
c 

79.6 
82.6 
81.2 
82.0 
81.2 
82.6 
72.9 
73.6 
83.0 
83.1 
80.5 
82.7 

•S  =  Series-multiple.     M  =  Multiple.     Sw  =  Switching.     C  =  Coasting. 
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Table  7  (Continued) 
Test  No.  91-92. 


10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

Speed 

Average 
Voltage 

Average 
Current 

Energy  Imparted  to  the  Car 

Net 
Car 
Resist- 
ance 

Item 
No. 

At 

Entrance 

to 

Section 

At 
Exit 
from 

Section 

By  the 
Current 

By  the  Change 

in  Kinetic 

Energy 

By  the  Grade 

Average 
Speed 

Over  the 
Section 

M.  P.  H. 

M.  P.  H. 

Volts 

Amp's. 

Ft.  Lbs. 

Ft.  Lbs. 

Ft.  Lbs. 

Lbs.  Per 
Ton 

M.  P.  H. 

2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

32.71 
40.52 
34.13 
35.01 
27.56 
28.80 
30.93 
22.76 
27.38 
26.67 
20.63 

33.24 
41.41 
34.48 
32.00 
20.10 
25.78 
22.76 
18.85 
17.43 
22.23 
12.10 

454 
472 
472 

134.7 
112.5 
137.1 

1  157  860 

782  280 

1  166  190 

—  71  130 

—148  390 

—  48  870 
+410  460 
+723  530 
+335  430 
+892  650 
+331  080 
+907  320 
+441  830 
+568  150 

—31  560 
+31  560 
—31  560 
+31  560 
—31  560 
+31  560 
—31  560 
+31  560 
—31  560 
+31  560 
—31  560 

25.05 
15.80 
25.78 
10.50 
16.43 

8.71 
20.44 

8.61 
20.79 
11.24 
12.74 

32.36 
39.82 
34.21 
33.59 
23.22 
27.96 
26.92 
22.67 
22.19 
24.58 
16.00 

Table  8  (Continued) 
Test  No.  95-96. 


10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

Item 
No. 

Speed 

Average 
Voltage 

Average 
Current 

Energy  Imparted  to  Car 

Net  Car 

Resist- 
ance 

Average 
Speed 

Entrance 

Exit 

By  Current 

By  Kinetic 

Energy 

By  Grade 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 

46.44 
37.87 
41.21 
37.24 
39.94 
35.34 
22.96 
17.40 
27.72 
29.62 
35.97 
32.16 
30.26 
34.54 
29.31 
32.32 
22.96 
28.35 

46.13 
37.24 
43.11 
37.24 
42.00 
36.76 
25.18 
18.20 
33.75 
33.27 
37.56 
33.75 
26.45 
26.61 
25.02 
25.34 
18.83 
20.89 

518 
499 
516 
482 
510 
488 
539 
522 
450 
452 
477 
477 

117.5 

138.7 
126.6 
135.4 
127.0 
140.0 
45.6 
46.8 
150.4 
151.2 
125.4 
142.7 

785  010 
1  161  600 

934  980 
1  082  200 

958  050 
1  182  000 

573  090 

770  440 
1  325  700 
1  386  400 

976  580 
1  253  800 

+  58  398 
+  96  295 
—326  020 

0 
—343  500 
—208  350 
—217  480 
—  57  957 
—754  300 
—167  130 
—237  920 
—213  260 
+439  690 
+986  810 
+474  310 
+819  020 
+351  230 
+747  520 

—31  556 
+31  556 
—31  556 
+31  556 
—31  556 
+31  556 
—31  556 
+31  556 
—31  556 
+31  556 
—31  556 
+31  556 
—31  556 
+31  556 
—31  556 
+31  556 
—31  556 
+31  556 

19.27 
30.61 
13.71 
26.44 
13.84 
23.87 

7.69 
17.66 
12.82 
22.57 
16.79 
25.45 

9.69 
24.18 
10.51 
20.19 

7.59 
18.50 

46.40 
37.00 
42.65 
37.17 
41.27 
35.89 
23.50 
17.54 
31.85 
30.80 
37.07 
33.75 
26.79 
30.61 
27.36 
28.96 
21.21 
25.64 
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Table  9 
Tests  on  Track  Section  D. 


1 

2 

3 

4 

5 

6 

7 

8 
Motor 

9 

Wind 
Oppos- 
ing 
or 
Helping 

Grade 

Data 

Item 
No. 

Test 
No. 

Section  Limits. 

Trolley  Line  Pole 
Numbers 

Rise  or  Fall 

Over 

Section 

+  Up 

Length  of 
Track 
Section 

Time  to  Run 
Over 
Section 

Number  in 

Use  and 
Connection 

Efficiency  of 

Motors 
and  Gears 

—  Down 

Oor  H 

Feet 

Feet 

See's. 

% 

1 

109 

H 

1  571-1  566 

-0.37 

445 

11.8 

4  S 

70.1 

2 

110 

O 

1  575-1  581 

-2.54 

522 

19.3 

4  S 

81.4 

3 

109 

H 

1  571-1  563 

—0.42 

714 

20.9 

4  S 

71.6 

4 

110 

0 

1  575-1  581 

-2.54 

522 

17.3 

4  S 

82.5 

5 

110 

O 

1  575-1  581 

-2.54 

522 

12.5 

4  If 

84.5 

6 

109 

H 

1  571-1  563 

-0.42 

714 

15.9 

4  M 

79.9 

7 

109 

H 

1  571-1  563 

-0.42 

714 

16.9 

4  M 

74.5 

8 

110 

O 

1  575-1  5S3 

+4.60 

700 

19.4 

4  M 

80.9 

9 

110 

O 

1  575-1  5S3 

-4.60 

700 

20.2 

1 

86.0 

10 

109 

H 

1  571-1  566 

+0.37 

445 

16.8 

C 



11 

111 

H 

1  581-1  575 

—2.54 

522 

17.6 

C 

— . — 

12 

111 

H 

1  581-1  575 

—2.54 

522 

22.3 

c 



13 

111 

H 

1  571-1  563 

—0.42 

714 

20.6 

4  S 

73.;) 

14 

112 

O 

1  575-1  581 

+2.54 

522 

20.0 

4  S 

79.4 

15 

111 

H 

1  571-1  566 

+0.37 

445 

12  4 

4   S 

70.5 

16 

112 

O 

1  575-1  581 

-2.54 

522 

19.4 

4  S 

76.6 

17 

111 

H 

1  571-1  566 

+0.37 

445 

12.5 

4  S 

68.7 

18 

112 

O 

1  575-1  583 

+4.60 

700 

20.  7 

4  S 

80.8 

19 

112 

O 

1  575-1  583 

+4.60 

700 

25  9 

4  S 

795 

20 

111 

H 

1  571-1  566 

+0.37 

445 

12.5 

4  S 

61.5 

21 

112 

0 

1  575-1  5S3 

+4.60 

700 

26.3 

4    S 

79  6 

22 

111 

H 

1  571-1  566 

+0.37 

445 

12.7 

4    B 

66.0 

23 

112 

O 

1  575-1  583 

+4.60 

700 

26.9 

4    B 

78  ' 

24 

111 

H 

1  571-1  566 

+0.37 

445 

10.5 

4  M 

25 

112 

O 

1  575-1  581 

+2.54 

522 

14.8 

4  M 

n  i 

26 

111 

H 

1  571-1  566 

+0.37 

445 

10.5 

4  y 

67.8 

27 

111 

H 

1  571-1  566 

+0.37 

445 

10.2 

4  II 

73.8 

28 

112 

O 

1  575-1  583 

-4.60 

700 

20.0 

4  If 

74  5 

29 

111 

H 

1  571-1  566 

+0.37 

445 

10.1 

4  M 

73.6 

30 

112 

O 

1  525-1  583 

-r4.60 

700 

18.5 

4  y 

80.8 

31 

111 

H 

1  571-1  566 

+0.37 

445 

9.9 

4  y 

73.8 

32 

112 

O 

1  575-1  583 

+4.60 

700 

18.5 

4  y 

81.5 

33 

114 

O 

1  575-1  57S 

256 

26.3 

2  y 

71.0 

34 

114 

O 

1  566-1  571 

—0.37 

445 

20.7 

i  y 

65.0 

35 

113 

H 

1  571-1  566 

+0.37 

445 

25.5 

2  y 

66.7 

36 

114 

O 

1  566-1  571 

—0.37 

445 

a  y 

7o  6 

•S=SeriK«multiplo     M  =  Multiple.    Sw  =  Switching.    C  =  Coasting. 
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Table  9  (Continued) 
Tests  on  Track  Section  D. 


10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

Speed 

Energy  Imparted  to  Car 

Net 
Car 

Resistance 

Average 

Item 
No. 

At 

Entrance 

to  the 

At 

Exit 

from  the 

Average 
Voltage 

Average 
Current 

By  the 
Current 

By  the  Change 

in  Kinetic 

Energy 

By  the  Grade 

Speed 
Over  the 
Section 

Section 

Section 

M.P.H. 

M.  P.  H. 

Volts 

Amp's. 

Ft.  Lbs. 

Ft.  Lbs. 

Ft.  Lbs. 

Lbs.  Per 
Ton 

M.  P.  H. 

1 

24.30 

23.94 

492 

42.9 

128  600 

+  35  700 

—  21  070 

11.30 

25.72 

2 

16.74 

17.64 

496 

65.0 

373  400 

—  63  580 

—144  700 

11.11 

18.44 

3 

22.50 

21.60 

472 

45.5 

237  200 

+  81  560 

—  23  920 

14.50 

23.23 

4 

19.80 

20.34 

565 

64.8 

385  300 

—  44  530 

—144  700 

13.19 

20.57 

5 

27.36 

28.98 

460 

174.0 

622  000 

—187  600 

—144  700 

19.49 

28.56 

6 

31.50 

32.76 

449 

124.0 

521  600 

—166  400 

—  23  920 

16.29 

30.60 

7 

27.90 

27.90 

344 

107.5 

343  200 

0 

—  23  920 

15.71 

28.80 

8 

23.94 

24.30 

368 

148.0 

630  300 

—  35  700 

—262  000 

16.68 

24.59 

9 

22.86 

22.86 

484 

77.2 

478  600 

0 

—262  000 

10.86 

23.61 

10 

19.80 

18.00 

+139  800 

—  21  070 

9.36 

18.03 

11 

19.62 

19.08 

+  42  510 

+143  100 

12.62 

20.22 

12 

15.30 

15.30 

0 

+143  100 

9.72 

15.95 

13 

23.04 

22.50 

496 

47.8 

266  100 

+  50  040 

—  23  670 

14.54 

23.62 

14 

17.64 

18.00 

475 

59.9 

333  000 

—  26  110 

—143  100 

11.13 

17.78 

15 

24.12 

24.12 

467 

43.9 

132  100 

0 

—  20  850 

8.88 

24.46 

16 

18.00 

18.00 

443 

54.0 

262  000 

0 

—143  100 

8.09 

18.33 

17 

24.12 

23.40 

460 

42.2 

122  800 

+  69  620 

—  20  850 

13.68 

24.26 

18 

17.64 

18.00 

477 

63.6 

482  400 

—  26  110 

—259  200 

10.00 

17.87 

19 

18.36 

18.36 

475 

59.9 

431  900 

0 

—259  200 

8.76 

18.42 

20 

23.22 

22.68 

417 

38.8 

91  680 

+  50  450 

—  20  850 

9.67 

24.27 

21 

18.00 

17.64 

467 

60.6 

436  800 

+  26  110 

—259  200 

10.32 

18.13 

22 

23.94 

23.76 

463 

39.8 

113  800 

+  17  460 

—  20  850 

8.81 

23.88 

23 

18.36 

17.46 

454 

58.1 

410  500 

+  65  600 

—259  200 

11.00 

17.74 

24 

28.44 

28.26 

337 

105.5 

200  000 

+  20  800 

—  20  850 

15.94 

28.88 

25 

22.14 

24.66 

372 

160.4 

535  000 

—240  000    . 

—143  100 

10.32 

24.03 

26 

27.72 

27.72 

306 

96.2 

154  400 

0 

—  20  850 

10.65 

28.88 

27 

30.06 

30.24 

365 

104.0 

210  800 

—  22  100 

—  20  850 

13.38 

29.72 

28 

23.22 

24.30 

358 

149.0 

586  400 

—104  400 

—259  200 

11.30 

23.85 

29 

29.34 

29.52 

352 

106.0 

204  600 

—  21  550 

—  20  850 

12.93 

30.02 

30 

25.20 

25.38 

381 

141.5 

594  500 

—  18  520 

—259  200 

16.06 

25.79 

31 

30.78 

30.96 

365 

105.0 

206  500 

—  22  600 

—  20  850 

13.00 

30.63 

32 

24.66 

25.74 

387 

145.0 

624  000 

—110  800 

—259  200 

12.88 

25.80 

33 

5.76 

6.66 

113 

62.3 

97  020 

—  22  700 

—  26  980 

6.58 

6.64 

34 

13.32 

13.68 

160 

45.1 

71  640 

—  19  730 

+  20  790 

5.81 

14.64 

35 

11.34 

10.08 

142 

48.9 

87  180 

+  54  810 

—  20  790 

9.69 

11.89 

36 

8.64 

10.44 

149 

55.4 

114  300 

—  69  710 

+  20  790 

5.23 

11.35 
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Table  10 
Tests  on  Track  Section  W. 


1 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Motor  Data 

Item 

No. 

Test 
No. 

Wind 
OorH 

Section 
Limits 

Grade 

Length  of 
Section 

Time 

Number  and 
Connection 

* 

Efficiency 

1 

118 

0 

7-16 

+  1.37 

1  189 

24.1 

4  M 

78.4 

2 

118 

0 

21-30 

—0.40 

1  154 

23.4 

4  M 

81.0 

3 

117 

H 

30-21 

+0.40 

1  154 

35.1 

4  S 

63.1 

4 

118 

0 

7-16 

+  1.37 

1  189 

43.4 

4  S 

70.0 

5 

117 

H 

16-  7 

—1.37 

1  189 

22.1 

4  M 

83.5 

6 

118 

0 

21-30 

—0.40 

1  154 

22.3 

4  M 

80.1 

7 

117 

H 

16-  7 

—1.37 

1  189 

20.5 

4  M 

78.2 

8 

117 

H 

16-  7 

—1.37 

1  189 

20.1 

4  M 

79.2 

9 

118 

0 

21-30 

—0.40 

1  154 

19.8 

4  M 

83.0 

10 

117 

H 

16-  7 

—1.37 

1  189 

20.4 

4  M 

78.3 

11 

118 

0 

21-30 

—0.40 

1  154 

32.7 

4  S 

73.7 

12 

117 

H 

30-21 

+0.40 

1  154 

29.4 

4  S 

70.0 

13 

123 

0 

30-21 

+0.40 

1  154 

33.2 

4  S 

70.6 

14 

124 

H 

21-30 

—0.40 

1  154 

33.4 

4  S 

65.4 

15 

124 

H 

7-16 

+  1.37 

1  189 

35.9 

4  S 

66.8 

16 

124 

H 

21-30 

—0.40 

1  154 

22.8 

4  M 

81.9 

17 

123 

0 

30-21 

+0.40 

1  154 

36.6 

4  M 

82.9 

18 

124 

H 

21-30 

—0.40 

1  154 

36.0 

4  S 

67.4 

19 

123 

0 

16-  7 

—1.37 

1  189 

34.5 

4  S 

72.0 

20 

123 

0 

30-21 

+0.40 

1  154 

33.8 

4  S 

74.7 

21 

124 

H 

21-30 

—0.40 

1  154 

36.2 

4  S 

66.9 

22 

123 

0 

16-  7 

—1.37 

1  189 

64.1 

4  Sw 

61.3 

23 

124 

H 

21-30 

—0.40 

1  154 

32.3 

4  M 

77.9 

24 

123 

0 

30-21 

+0.40 

1  154 

22.5 

4  M 

78.5 

25 

124 

H 

21-30 

—0.40 

1  154 

25.5 

4  M 

74.3 

26 

124 

H 

21-30 

—0.40 

1  154 

23.7 

4  M 

74.9 

27 

123 

0 

16-  7 

—1.37 

1  189 

34.2 

4   S 

70.7 

*S= Series-multiple.    M  =  Multiple.    Sw= Switching.    C= Coasting. 
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Table  10  (Continued) 
Tests  on  Track  Section  W. 


10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

Item 

Speed 

Average 

Average 

Energy  Imparted  to  the  Car 

Net  Car 

Average 

No. 

Entrance 

Exit 

Voltage 

Current 

By  Current 

By  Kinetic 
Energy 

By  Grade 

Resistance 

Speed 

1 

35.28 

34.02 

407 

119.0 

674  850 

+177  260 

—76  990 

23.20 

33.61 

2 

33.48 

34.56 

449 

131.7 

826  550 

—149  170 

+22  480 

21.58 

33.60 

3 

23.76 

21.24 

415 

42.5 

288  140 

+230  200 

—22  480 

15.22 

22.41 

4 

19.44 

18.54 

399 

52.0 

464  910 

+  69  390 

—76  990 

14.10 

18.66 

5 

36.18 

38.34 

537 

153.5 

1  121  800 

—326  750 

+76  990 

26.10 

36.65 

6 

36.00 

36.00 

454 

125.8 

752  340 

0 

+22  480 

23.89 

35.27 

7 

40.68 

40.50 

467 

113.5 

626  610 

+  29  660 

+76  990 

21.95 

39.51 

8 

42.12 

42.30 

492 

116.8 

674  720 

—  30  850 

+76  990 

21.58 

40.31 

9 

40.32 

41.04 

555 

142.5 

958  580 

—118  920 

+22  480 

26.59 

39.70 

10 

40.32 

41.04 

473 

114.5 

638  020 

—118  920 

+76  990 

17.84 

39.72 

11 

23.76 

24.30 

555 

59.0 

582  090 

—  52  680 

+22  480 

17.01 

24.05 

12 

27.18 

26.64 

592 

50.3 

451  990 

+  59  000 

—22  480 

15.06 

26.75 

13 

23.40 

23.58 

256 

52.3 

462  930 

—  17  340 

—22  700 

12.92 

23.69 

14 

23.04 

22.50 

225 

44.7 

324  130 

+  42  510 

+22  700 

11.89 

23.54 

15 

20.70 

20.34 

220 

46.6 

362  570 

+  30  290 

—77  750 

9.34 

22.56 

16 

34.20 

35.28 

460 

136.7 

865  940 

—153  830 

+22  700 

22.44 

34.47 

17 

25.74 

29.88 

427 

152.5 

1  059  000 

—172  050 

—22  700 

17.23 

29.55 

18 

20.70 

21.06 

222 

47.5 

377  400 

—  30  820 

+22  700 

11.28 

21.83 

19 

22.50 

23.40 

268 

54.8 

538  040 

—  84  690 

+77  750 

15.74 

23.47 

20 

20.34 

23.40 

290 

60.9 

657  690 

—274  380 

—22  700 

11.01 

23.25 

21 

20.52 

20.88 

220 

46.8 

367  750 

—  30  550 

+22  700 

10.99 

21.72 

22 

11.34 

11.70 

119 

42.5 

293  270 

—  17  000 

+77  750 

10.49 

12.63 

23 

32.76 

32.76 

397 

116.0 

616  430 

0 

+22  700 

19.52 

33.74 

24 

33.30 

33.66 

417 

118.8 

645  310 

—  49  420 

—22  700 

17.50 

34.95 

25 

30.96 

30.60 

346 

109.6 

529  860 

+  45  430 

+22  700 

18.26 

30.83 

26 

32.04 

32.40 

372 

108.6 

528  900 

—  47  560 

+22  700 

15.39 

33.17 

27 

22.68 

23.40 

254 

52.7 

477  370 

—  68  010 

+77  750 

14.43 

23.69 

1    | 
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Note. — Solid    dots   are    for   runs   with   the   wind,    open    circles   are    for    runs   against   the 
wind,  and  circles  with  the  lower  half  black  are  for  runs  in  no  wind. 
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Table  11 
Tests  on  Track  Section  S. 


1 

2 

3 

4 

5 

6 

7 

8 

9 

Grade 

Motor  Data 

Test  No. 

Wind 
Oppos- 
ing 
or 
Helping 

Section  Limits. 

Trolley  Line 

Pole 

Numbers 

Rise  or  Fall 

Over 

Section 

+  Vp 
—  Down 

Length  of 
Section 

Time  to  Run 

Over 

Section 

Item 
No. 

Number 

in  Use 

and 

Connection 

* 

Efficiency 

of  Motors 

and 

Gears 

OorH 

Feet 

Feet 

See's. 

% 

1 

119 

H 

37-29 

+0.76 

1  057 

25.9 

4  M 

68.3 

2 

119 

H 

12-  4 

—3.40 

1  054 

21.9 

■ 

60.4 

3 

120 

0 

29-37 

—0.76 

1  057 

22.4 

■ 

80.2 

4 

120 

O 

4-12 

+3.40 

1  054 

21.8 

■ 

60.1 

5 

120 

0 

29-36 

—0.54 

928 

20.7 

■ 

76.0 

6 

119 

H 

37-29 

+0.76 

1  057 

21.1 

■ 

85.1 

7 

119 

H 

12-  4 

—3.40 

1  054 

19.1 

■ 

67.2 

8 

120 

0 

29-37 

—0.76 

1  057 

26.6 

u 

70.4 

9 

119 

H 

12-  4 

—3.40 

1  054 

21.6 

■ 

63.4 

10 

120 

0 

29-37 

—0.76 

1  057 

25.0 

u 

71.0 

11 

120 

0 

4-12 

+3.40 

1  054 

26.0 

" 

67.8 

12 

119 

H 

12-  4 

—3.40 

1  054 

23.0 

2  M 

73.1 

13 

120 

0 

29-37 

—0.76 

1  057 

27.5 

" 

84.7 

14 

119 

H 

12-  4 

-3.40 

1  054 

26.7 

■ 

74.3 

15 

119 

H 

12-  4 

—3.40 

1  054 

27.3 

4   S 

70.5 

16 

119 

H 

37-29 

+0.76 

1  057 

30.9 

■ 

77.2 

17 

120 

0 

29-37 

—0.76 

1  057 

35.1 

■ 

74.9 

18 

120 

0 

4-12 

+3.40 

1  054 

35.0 

■ 

72.0 

19 

119 

H 

12-  4 

—3.40 

1  054 

28.2 

■ 

67.8 

20 

119 

H 

37-29 

+0.76 

1  057 

33.9 

■ 

79.3 

21 

120 

0 

4-12 

+3.40 

1  054 

31.7 

■ 

76.8 

22 

119 

H 

12-  4 

—3.40 

1  054 

26.9 

■ 

69.9 

23 

119 

H 

12-  4 

-3.40 

1  054 

21.0 

4  M 

63.3 

24 

120 

0 

29-37 

—0.76 

1  057 

24.1 

■ 

78.1 

25 

119 

H 

12-  4 

—3.40 

1  054 

19.5 

■ 

68.7 

26 

120 

0 

29-37 

—0.76 

1  057 

26.7 

i  if 

82.8 

27 

120 

0 

4-12 

+3.40 

1  054 

28.0 

" 

84.8 

28 

119 

H 

12-  4 

—3.40 

1  054 

21.8 

■ 

80.8 

29 

120 

O 

4-12 

+3.40 

1  054 

27.7 

■ 

84.9 

30 

119 

H 

12-  4 

—3.40 

1  054 

25.6 

4    S 

64.6 

31 

120 

O 

4-12 

+3.40 

1  054 

31.3 

" 

71.9 

32 

122 

H 

29-37 

—0.76 

1  057 

34.3 

" 

H  7 

33 

122 

H 

4-12 

+3.40 

1  054 

32.0 

" 

70.7 

34 

122 

H 

29-37 

—0.76 

1  057 

36.9 

■ 

70.2 

35 

121 

0 

12-  4 

—3.40 

1  054 

21.6 

4  M 

72.5 

36 

122 

H 

29-37 

—0.76 

1  057 

25.0 

■ 

73.6 

37 

121 

0 

12-  4 

—3.40 

1  054 

22.5 

■ 

62.2 

38 

122 

H 

29-37 

—0.76 

1  057 

38.5 

4  9m 

67.0 

39 

121 

0 

37-29 

+0.76 

1  057 

35.8 

■ 

72.6 

40 

121 

O 

12-  4 

—3 .  40 

1  054 

35.7 

" 

56.0 

41 

122 

H 

29-37 

—0.76 

1  057 

42.5 

4    S 

68.8 

42 

121 

O 

12-  4 

—3.40 

1  054 

4  M 

80.9 

43 

122 

H 

4-12 

+3.40 

1  054 

20.9 

■ 

sa  : 

44 

121 

0 

12-  4 

—3.40 

1  054 

18.9 

■ 

66.6 

45 

121 

O 

37-29 

+0.76 

1  057 

19.1 

*S= Series-multiple.    M  =  Multiple.    Sw=Switching.    C  =  Ooasting. 
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Table  11  (Continued) 
Tests  on  Track  Section  S. 


10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

Speed 

Energy  Imparted  to  the  Car 

Net 

Car 

Resistance 

Average 

Item 

No. 

At 

Entrance 

to  the 

At 

Exit 

from  the 

Average 
Voltage 

Average 
Current 

By  the 
Current 

By  the  Change 

in  Kinetic 

Energy 

By  the  Grade 

Speed 
Over  the 
Section 

Section 

Section 

M.  P.  H. 

M.  P.  H. 

Volts 

Amps. 

Ft.  Lbs. 

Ft.  Lbs. 

Ft.  Lbs. 

Lbs.  Per 
Ton 

M.  P.  H. 

1 

28.05 

26.98 

280 

95.7 

349  380 

+120  710 

—  43  130 

14.23 

27.84 

2 

32.20 

32.01 

282 

79.2 

217  740 

+  25  000 

+192  900 

14.57 

32.85 

3 

31.47 

33.10 

405 

131.5 

705  910 

—215  760 

+  43  130 

17.78 

32.20 

4 

34.36 

31.11 

284 

77.0 

211  130 

+436  200 

—192  900 

15.19 

32.99 

5 

29.12 

30.40 

361 

115.0 

482  080 

—156  180 

+  30  650 

13.55 

30.56 

6 

31.48 

35.97 

524 

170.0 

1  180  600 

—620  840 

—  43  130 

17.23 

34.15 

7 

37.40 

37.04 

354 

86.6 

289  940 

+  54  940 

+192  900 

17.98 

37.62 

8 

26.08 

26.98 

300 

102.0 

422  600 

—  97  900 

+  43  130 

12.26 

27.10 

9 

33.10 

33.28 

310 

82.0 

256  530 

—  24  490 

+192  900 

14.21 

33.27 

10 

27.88 

28.77 

316 

102.0 

422  170 

—103  360 

+  43  130 

12.07 

28.81 

11 

28.22 

26.80 

284 

94.0 

346  860 

+  160  160 

—192  900 

10.50 

27.67 

12 

31.11 

30.40 

350 

52.2 

226  290 

+  89  530 

+192  900 

17.01 

31.22 

13 

24.62 

27.32 

407 

94.1 

657  240 

—287  490 

+  43  130 

13.77 

26.20 

14 

25.89 

26.25 

319 

57.9 

270  080 

—  38  480 

+192  900 

14.20 

26.91 

15 

25.52 

26.61 

488 

45.1 

312  270 

—116  480 

+192  900 

13.00 

26.31 

16 

22.82 

23.55 

512 

53.6 

482  400 

—  69  390 

—  43  130 

12.33 

23.32 

17 

19.76 

21.73 

434 

50.7 

426  170 

—167  560 

+  43  130 

10.06 

20.52 

18 

20.68 

19.76 

405 

46.9 

352  740 

+  76  270 

—192  900 

7.89 

20.52 

19 

24.99 

25.52 

452 

41.7 

265  660 

—  54  880 

+192  900 

13.50 

25.50 

20 

20.30 

22.11 

501 

58.5 

580  900 

-157  360 

—  43  130 

12.68 

21.26 

21 

22.82 

21.91 

490 

53.3 

468  620 

+  83  440 

—192  900 

12.01 

22.68 

22 

26.08 

26.80 

468 

43.3 

280  810 

—  78  050 

+192  900 

13.23 

26.72 

23 

33.81 

33.45 

308 

81.6 

246  270 

+  49  640 

+  192  900 

16.35 

34.24 

24 

29.11 

30.75 

370 

125.0 

642  430 

—201  250 

+  43  130 

16.15 

29.92 

25 

36.33 

36.33 

356 

90.0 

316  350 

0 

+192  900 

17.03 

36.89 

26 

26.25 

26.80 

393 

78.6 

503  150 

—  59  810 

+  43  130 

16.22 

26.72 

27 

24.44 

24.99 

417 

94.1 

689  070 

—  55  730 

—192  900 

14.72 

25.69 

28 

32.38 

32.55 

432 

66.3 

371  790 

—  22  630 

+192  900 

18.13 

33.00 

29 

24.62 

25.18 

419 

95.0 

689  940 

—  57  170 

•  —192  900 

14.71 

25.98 

30 

26.61 

26.80 

463 

39.0 

220  150 

—  20  800 

+192  900 

13.12 

28.10 

31 

22.63 

21.39 

454 

45.8 

344  890 

+111  900 

—192  900 

8.82 

23.08 

32 

20.48 

20.48 

202 

49.7 

348  960 

0 

+  43  130 

13.07 

21.02 

33 

23.19 

20.83 

229 

53.1 

405  450 

+212  970 

—192  900 

14.23 

22.48 

34 

18.50 

19.40 

193 

52.5 

387  050 

—  69  930 

+  43  130 

12.01 

19.54 

35 

33.09 

32.91 

338 

104.0 

406  300 

+  24  350 

+192  900 

20.85 

33.30 

36 

26.98 

28.05 

301 

116.0 

473  860 

—120  710 

+  43  130 

13.21 

28.86 

37 

32.55 

31.66 

266 

81.2 

222  730 

+  117  150 

+  192  900 

17.81 

31.98 

38 

17.78 

18.50 

174 

50.0    ' 

331  000 

—  53  550 

+  43  130 

10.69 

18.74 

39 

19.22 

19.76 

229 

57.8 

507  570 

—  43  150 

—  43  130 

14.05 

20.14 

40 

19.94 

19.04 

159 

37.0 

173  390 

+  71  920 

+192  900 

14.65 

20.13 

41 

15.62 

17.24 

174 

50.8 

381  270 

—109  130 

+  43  130 

10.51 

16.96 

42 

36.50 

37.95 

475 

128.0 

675  280 

—221  300 

+192  900 

21.63 

38.69 

43 

34.00 

34.35 

465 

143.0 

848  320 

—  49  040 

—192  900 

20.27 

34.42 

44 

38.68 

37.78 

355 

85.4 

281  280 

+141  070 

+192  900 

20.57 

38.08 

45 

38.31 

38.31 

505 

136.0 

796  440 

0 

—  43  130 

25.12 

37.75 

52 
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Table  12 
Tests  on  Track  Section  R. 


1 

2 

3 

4 

5 

6 

7 

8 

9 

Item 
No. 

Test 
No. 

Wind 
OorH 

Length  of 
Section 

Motor  Data 

Section  Limits 

Grade 

Time 

No.  and 

Connection 

Effi- 

• 

ciency 

1 

125 

O 

14    -       4 

—2.62 

1  320 

24.7 

4  M 

80.3 

2 

126 

H 

4-14 

+2.62 

1  320 

26.2 

4  M 

78.9 

3 

125 

O 

45    -      38 

—2.93 

920 

19.9 

4  M 

84.3 

4 

125 

O 

14    -        4 

—2.62 

1  320 

29.1 

4  M 

73.7 

5 

125 

O 

45    -      38 

—2.93 

920 

20.9 

4  M 

80.5 

6 

126 

H 

38    -      45 

+2.93 

920 

19.4 

4  M 

83.8 

7 

126 

H 

4-14 

+2.62 

1  320 

28.3 

4  M 

75.9 

8 

126 

H 

38    -      45 

+2.93 

920 

18.7 

4  M 

85.1 

9 

126 

H 

4-14 

+2.62 

1  320 

27.1 

4  M 

77.4 

10 

125 

O 

45    -      38 

—2.93 

920 

17.6 

4  M 

83.8 

11 

126 

H 

38    -      45 

+2.93 

920 

17.9 

4  M 

85.0 

12 

126 

H 

4-14 

+2.62 

1  320 

26.1 

4  M 

80.2 

13 

126 

H 

38    -      45 

2.93 

920 

29.3 

4  S 

77.3 

14 

126 

H 

4-14 

+2.62 

1  320 

45.6 

4  S 

71.4 

15 

126 

H 

4-14 

+2.62 

1  320 

40.9 

4  S 

75.3 

16 

126 

H 

38    -      45 

+2.93 

920 

27.8 

4  S 

76.3 

17 

128 

— 

4-14 

+2.62 

1  320 

57.1 

4  S 

72  4 

18 

127 



14    -        4 

—2.62 

1  320 

35.8 

4  M 

62.4 

19 

129 

H 

14    -        4 

-2.62 

1  320 

36.9 

4  S 

66.6 

20 

129 

H 

45    -      38 

—2.93 

920 

24.7 

4  S 

73.5 

21 

130 

O 

4    -      14 

+2.62 

1  320 

43.6 

4  S 

72.0 

22 

130 

0 

38    -      45 

+2.93 

920 

30.4 

4   S 

63.3 

23 

129 

H 

14    -        4 

—2.62 

I  320 

46.5 

4  S 

38.0 

24 

130 

O 

4-14 

+2.62 

1  320 

54.4 

4  S 

72.5 

25 

130 

O 

38    -      45 

+2.93 

920 

36.8 

4  S 

70.7 

26 

129 

H 

14    -        4 

—2.62 

1  320 

24.1 

4  M 

76.0 

27 

130 

O 

4-14 

+2.62 

1  320 

29.4 

4  M 

82.5 

28 

130 

O 

38    -      45 

+2.93 

920 

19.7 

4  M 

82.9 

29 

130 

O 

38    -      45 

+2.93 

920 

19.8 

4  M 

83.2 

30 

130 

O 

4-14 

+2.62 

1  320 

27.3 

4  M 

84.0 

31 

129 

H 

45    -      38 

—2.93 

920 

20.3 

4  M 

72.7 

32 

129 

H 

14    -        4 

—2.62 

1  320 

29.9 

4  II 

46.7 

33 

130 

O 

4-14 

+2.62 

1  320 

27.7 

4  M 

82.7 

34 

129 

H 

45    -      38 

—2.93 

920 

21.3 

4  M 

45.8 

35 

129 

H 

14    -        4 

-2.62 

1  320 

30.6 

4  M 

65.4 

36 

130 

O 

4-14 

+2.62 

1  320 

27.1 

4  M 

83.4 

37 

129 

H 

27    -      24 

—0.26 

372 

16.7 

4  S 

49.5 

38 

142 

H 

1  725    -1  730 

+1.63 

519 

17.2 

4  S 

74.0 

39 

141 

O 

1  741    -1  737.5 

—1.90 

338 

10.6 

4  S 

55.0 

40 

141 

O 

1  730    -1  725 

—1.63 

519 

15.8 

4  S 

65.4 

41 

142 

H 

1  737.5-1  741 

+1.90 

338 

15.3 

4  S 

71.4 

42 

141 

O 

1  730    -1  725 

-  1.63 

519 

13.5 

4  M 

44.0 

43 

141 

O 

1  730    -I  725 

—1.63 

519 

12.1 

4  M 

43.0 

44 

142 

H 

1  737.5-1  741 

+1.90 

338 

8.7 

4  M 

69.4 

45 

141 

O 

1  741    -1  737.5 

—1.90 

338 

11.2 

4  S 

69.3 

46 

141 

O 

1  730    -1  725 

—1.63 

519 

22.2 

4  S 

53.6 

47 

141 

O 

1  741    -1  737.5 

—1.90 

333 

14.4 

4  S 

66.5 

48 

141 

O 

1  730    -1  725 

-1.63 

519 

23.0 

4  S 

43.0 

49 

141 

O 

1  730    -1  725 

—1.63 

519 

16.1 

4  S 

60.3 

50 

142 

H 

1  737.5-1  741 

i  1.90 

338 

9.4 

4  M 

77.7 

51 

141 

O 

1  730    -1  725 

—1.63 

519 

16.0 

4  S 

49.6 

52 

142 

H 

1  737.5-1  741 

^  1 .  90 

338 

11.0 

4  M 

63.1 

53 

141 

O 

1  730    -1  725 

— 1.63 

519 

24.4 

4  S 

55.1 

54 

141 

O 

1  730    -1  725 

— 1.63 

519 

16.5 

4  S 

58.4 

55 

142 

H 

1  737.5-1  741 

+  1.90 

338 

10.5 

4  M 

73.2 

56 

141 

O 

1  730    -1  725 

—1.63 

519 

14.8 

4  M 

47.8 

57 

153 

— 

1  730    -1  725 

—1.63 

519 

15.5 

4  S 

41.0 

58 

153 

— 

1  730    -1  725 

-1.63 

519 

17.4 

4  S 

31.0 

59 

153 

— 

1  741    -1  737.5 

-1.90 

338 

14.4 

4  S 

42.1 

60 

153 

— 

1  730    -1  725 

-1.63 

519 

15.7 

4  S 

33.5 

61 

153 

1  730    -1  725 

—1.63 

519 

17.5 

4  S 

43.4 

62 

153 

— 

1  741    -1  737.5 

1.90 

338 

14.1 

4  S 

37.5 

•8 -Series-multiple.    M--Multiple.    Sw  =  Switching.    C=Coasting. 
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Tablf  12  (Continued) 
Tests  on  Track  Section  R. 


10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

Item 
No. 

Speed 

Average 
Voltage 

Average 
Current 

Energy  Imparted  to  the  Car 

Net  Car 

Average 
Speed 

Entrance 

Exit 

By  the  Current 

By  the  Kinet- 
ic Energy 

By  the  Grade 

Resist- 
ance 

! 

35.29 

36.52 

431 

128.4 

809  490 

—182  840 

+150  260 

20.53 

36.43 

2 

34.73 

33.11 

380 

127.7 

739  860 

+227  500 

—150  260 

21.59 

34.35 

3 

29.16 

33.67 

441 

168.7 

920  480 

—586  560 

+168  040 

19.03 

31.50 

4 

29.68 

30.96 

321 

112.2 

569  730 

—160  670 

+  150  260 

14.78 

30.92 

5 

26.80 

30.60. 

365 

145.2 

657  630 

—451  510 

+168  040 

14.18 

30.00 

6 

32.02 

30.78 

387 

139.7 

648  150 

+161  200 

—168  040 

24.31 

32.31 

7 

32.58 

30.22 

340 

119.2 

642  040 

+306  800 

—150  260 

21.10 

31.81 

8 

32.58 

34.01 

490 

178.8 

1  028  200 

—197  110 

—168  040 

25.13 

33.51 

9 

35.47 

32.75 

361 

122.6 

684  670 

+3S4  110 

—150  260 

24.27 

33.21 

10 

32.76 

36.52 

480 

156.2 

815  570 

—539  220 

+168  040 

16.84 

35.61 

11 

34.38 

35.28 

496 

173.2 

964  010 

—129  780 

—168  040 

25.25 

35.02 

12 

36.19 

33.82 

397 

132.1 

809  540 

+343  460 

—150  260 

26.49 

34.50 

13 

20.32 

21.41 

264 

70.3 

620  020 

—  94  160 

—168  040 

13.56 

21.39 

14 

21.22 

19.61 

205 

55.1 

542  410 

+  136  070 

—150  260 

13.96 

19.74 

15 

21.78 

22.31 

262 

64.8 

771  350 

—  48  370 

—150  260 

15.13 

22.00 

16 

20.88 

21.41 

266 

68.1 

566  770 

—  46  400 

—168  040 

13.36 

22.55 

17 

15.42 

16.31 

182 

59.8 

663  740 

—  58  600 

—150  650 

11.98 

15.77 

18 

27.48 

25.51 

193 

84.0 

267  060 

+216  610 

+  150  650 

16.71 

25.12 

19 

23.78 

25.58 

214 

46.4 

359  960 

—183  920 

+150  260 

8.62 

24.39 

20 

22.13 

26.29 

265 

59.0 

418  670 

—417  000 

+  168  040 

6.43 

25.38 

21 

21.22 

19.97 

214 

55.6 

551  010 

+  106  580 

—150  260 

13.40 

20.63 

22 

20.52 

18.54 

175 

43.4 

216  130 

+160  100 

—168  040 

7.89 

20.62 

23 

18.54 

18.54 

112 

29.4 

85  830 

0 

+150  260 

6.24 

19.35 

24 

15.29 

16.02 

185 

59.8 

643  660 

—  47  310 

—150  260 

11.78 

16.54 

25 

18.17 

18.00 

180 

55.1 

380  700 

+  12  730 

-168  040 

8.54 

17.04 

26 

37.98 

38.18 

376 

112.2 

569  890 

—  31  740 

+150  260 

18.19 

37.35 

27 

29.70 

30.08 

387 

156.4 

1  082  800 

—  47  020 

—150  260 

23.39 

30.61 

28 

30.79 

32.07 

413 

154.5 

768  540 

—166  550 

—168  040 

16.45 

31.82 

29 

31.51 

31.51 

413 

156.2 

783  740 

0 

—168  040 

23.34 

31.66 

30 

31.32 

33.49 

445 

164.7 

.1  239  500 

—291  120 

—150  260 

21.08 

32.97 

31 

28.07 

30.25 

298 

Hi. 7 

362  330 

—263  180 

+168  040 

10.13 

30.90 

32 

29.71 

27.57 

162 

54.2 

90  420 

+253  740 

+150  260 

13.06 

30.10 

33 

32.78 

32.95 

432 

149.3 

1  089  700 

—  23  130 

—150  260 

24.21 

32.50 

34 

29.52 

28.81 

158 

152.3 

59  450 

+  85  730 

+168  040 

11.87 

29.45 

35 

27.72 

28.28 

232 

89.3 

305  820 

—  64  920 

+150  260 

10.33 

29.41 

36 

33.68 

34.02 

434 

157.2 

1  137  300 

—  47  650 

—150  260 

24.81 

33.21 

37 

14.76 

14.76 

99 

34.4 

41  520 

0 

+  14  910 

5.29 

16.18 

38 

19.32 

19.86 

248 

61.3 

285  450 

—  44  110 

—  94  210 

9.81 

20.58 

39 

20.95 

21.67 

173 

36.6 

54  430 

—  63  980 

+  109  820 

10.27 

21.72 

40 

20.58 

21.85 

202 

45.1 

138  850 

—112  350 

+  94  210 

8.05 

22.40 

41 

15.36 

14.64 

149 

59.4 

142  600 

+  45  040 

—109  820 

7.97 

15.05 

42 

25.62 

25.28 

139 

50.2 

30  570 

+  36  080 

+  94  210 

10.72 

26.20 

43 

29.05 

28.32 

176 

59.1 

39  910 

+  87  320 

+  94  210 

14.77 

29.22 

44 

26.52 

25.28 

246 

100.0 

109  540 

+133  920 

—109  820 

13.68 

26.49 

45 

18.60 

19.87 

202 

50.6 

117  300 

—101  820 

+109  820 

12.83 

20.58 

46 

15.18 

15.36 

109 

36.5 

69  830 

—  11  460 

+  94  210 

10.17 

15.94 

47 

13.92 

16.08 

129 

49.2 

89  620 

—135  110 

+  109  820 

6.58 

16.00 

48 

15.90 

15.54 

84 

24.8 

30  390 

+  23  890 

+  94  210 

9.90 

15.37 

49 

20.78 

21.83 

170 

40.7 

99  090 

—  93  280 

+  94  210 

6.66 

21.98 

50 

26.35 

26.35 

298 

143.0 

229  520 

0 

—109  820 

12.25 

24.51 

51 

22.02 

22.38 

155 

33.6 

60  990 

—  33  330 

+  94  210 

8.12 

22.10 

52 

21.12 

20.04 

191 

85  6 

83  700 

+  92  680 

—109  820 

6.81 

20.96 

53 

13.02 

14.28 

117 

37.5 

87  010 

—  71  720 

+  94  210 

7.30 

14.50 

54 

21.12 

20.58 

169 

39.1 

93  950 

+  46  950 

+  94  210 

15.67 

21.42 

55 

22.57 

21.49 

236 

118.0 

157  860 

+  99  210 

—109  820 

15.08 

21.92 

56 

23.47 

23.47 

159 

65.1 

54  160 

0 

+  94  210 

9.89 

23.90 

57 

21.57 

21.92 

223 

27.4 

57  270 

—  31  740 

+  94  380 

7.98 

22.82 

58 

19.94 

19.03 

94 

20.5 

15  330 

+  73  940 

+  94  380 

12.22 

20.34 

59 

14.71 

16.16 

113 

30.8 

31  120 

—  93  330 

+110  010 

4.88 

16.00 

60 

22.11 

21.39 

115 

22.5 

20  070 

+  65  300 

+  94  380 

11.96 

17.12 

61 

19.94 

19.94 

131 

31.0 

45  490 

0 

+  94  380 

9.31 

20.22 

62 

16.16 

16.70 

74 

24.1 

13  850 

—  37  000 

+110  010 

8.88 

16.33 
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THERMAL  PROPERTIES  OF  STEAM. 

I.     Introduction. 

1.  Experimental  Data  on  the  Properties  of  Steam. — The  classic 
researches  of  Regnault  gave  the  first  reliable  knowledge  of  the  properties 
of  steam.  Although  these  experiments  were  made  more  than  sixty-five 
years  ago  (most  of  Regnault's  reports  on  the  properties  of  steam  bear 
the  date  1847)  with  apparatus  and  methods  incapable  of  the  highest 
degree  of  accuracy,  they  are  still  deservedly  held  in  high  esteem,  and 
until  recently,  Regnault's  data  formed  the  basis  of  all  tabulations  of  the 
thermal  properties  of  steam.  Within  the  last  ten  years  there  has  been 
a  revival  of  interest  in  the  subject  and  a  number  of  important  investiga- 
tions, experimental  and  analytical,  have  been  prosecuted.  As  a  result, 
we  have  at  present  data  of  a  high  degree  of  accuracy  covering  nearly 
every  phase  of  the  work.  The  following  is  a  summary  of  the  more 
important  of  the  experimental  investigations : 

a.  The  relation  between  the  pressure  and  temperature  of  saturated 
steam  has  been  established  definitely  by  three  series  of  experiments  made 
respectively  by  Holborn  and  Henning,  Holborn  and  Baumann,  and  Scheel 
and  Heuse.  The  three  series  taken  together  cover  the  range  32°  F.  to 
the  critical  temperature.  These  experiments  were  conducted  at  the 
Reichsanstalt  with  all  the  resources  afforded  by  modern  apparatus  and 
methods  of  precise  measurement. 

b.  The  relation  between  volume,  pressure,  and  temperature  of 
superheated  steam  has  been  determined  by  the  experiments  of  Knoblauch, 
Linde,  and  Klebe  at  the  Munich  laboratory.  These  experiments  afford 
satisfactory  data  for  the  range  of  pressure  and  superheat  covered  by 
them,  but  an  extension  over  a  much  wider  range  should  be  made. 

c.  A  number  of  experiments  have  been  made  to  determine  the 
specific  heat  of  superheated  steam.  Of  these,  the  experiments  con- 
ducted in  the  Munich  laboratory,  first  by  Knoblauch  and  Jakob  and 
afterward  by  Knoblauch  and  Mollier,  are  justly  accepted  as  the  most 
reliable.  At  the  present  time  similar  experiments  covering  a  wider 
range  of  pressure  are  being  made  by  Lanz  and  Schmidt. 

d.  The  direct  experiments  of  Griffiths,  Joly,  Smith,  Henning,  and 
Dieterici  furnish  data  on  the  latent  heat  of  saturated  steam. 
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e.  The  variation  of  the  specific  heat  of  water  has  been  the  subject 
of  several  investigations.  For  the  range  32°-212°  F.  the  experi- 
ments of  Barnes  have  been  verified  by  those  of  Callendar,  and  they  are 
generally  accepted.  Above  212°  F.  precise  measurements  of  this  impor- 
tant property  are  lacking.  The  only  available  experiments  are  those 
of  Regnault  and  Dieterici,  and  neither  of  these  can  be  accepted  as 
thoroughly  reliable. 

f.  Four  sets  of  experiments  on  the  throttling  of  steam  by  Grindley, 
Griessmann,  Peakc,  and  Dodge,  respectively,  furnish  valuable  data  that 
may  be  used  for  various  purposes.  Thus  Davis  has  made  effective  use 
of  them  in  establishing  the  curve  of  total  heat  of  saturated  steam;  and 
in  the  present  investigation  they  are  used  as  a  check  on  the  heat  content 
of  superheated  steam. 

2.  Purpose  and  Scope  of  the  Investigation. — The  various  thermal 
properties  of  a  vapor  are  not  independent.  On  the  contrary,  the  equa- 
tions that  express  the  variations  of  these  properties  are  related  through 
certain  well-known  thermodynamic  laws.  The  development  of  a  general 
theory  applicable  to  a  vapor,  as  water  vapor,  involves  the  following  steps: 
1.  The  establishment  of  a  system  of  equations  to  represent  the  various 
thermal  magnitudes.  The  forms  of  the  equations  chosen  must  be  such 
that  it  is  possible  by  proper  selection  of  arbitrary  functions  to  make  the 
equations  satisfy  the  thermodynamic  relations.  2.  The  comparison  of 
the  equations  with  experimental  data  and  the  adjustment  of  constants 
to  give  the  best  possible  agreement.  3.  The  satisfaction  of  the  various 
thermodynamic  relations.  With  sufficiently  accurate  and  complete  ex- 
perimental data  it  should  be  possible  to  work  out  such  a  theory  and  thus 
deduce  a  set  of  consistent  equations  giving  all  the  thermal  properties 
as  functions  of  the  independent  variables  chosen.  At  the  present  time 
the  character  of  the  experimental  evidence  is  such  as  to  justify  a  fresh 
attack  on  the  problem.  It  is  the  purpose  of  this  paper  to  exhibit  the 
development  of  a  general  theory  which  apparently  gives  with  extreme 
accuracy  the  properties  of  saturated  and  superheated  steam  over  a  range 
of  pressure  and  temperature  far  wider  than  the  range  covered  in  techni- 
cal applications. 

Jn  order  to  make  the  presentation  more  useful,  and  perhaps  more 
intelligible,  it  has  been  considered  advisable  t<>  include  (1)  a  section  on 
thermodynamic  relations,  and  (2)  a  section  devoted  to  a  brief  historical 
review  of  some  of  the  more  important  analytical  investigations. 
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II.     Thermodynamic  Relations. 

4.  Notation. — Throughout  the  discussion  the  following  notation  is 
used: 

J  =  mechanical  equivalent  of  heat 
A  =  1/J,  reciprocal  of  mechanical  equivalent 
t  —  temperature  on  F.  or  C.  scale 
T  =  absolute  temperature 
p  =  pressure 

v  =  volume  of  unit  weight  (1  lb.)  of  fluid 
y  —  weight  of  unit  volume 
cv  =  specific  heat  at  constant  volume 
cp=  specific  heat  at  constant  pressure 
u  —  intrinsic  energy  per  unit  weight 
q  =  heat  absorbed  by  fluid  per  unit  weight 
q'  —  heat  of  liquid 
q"  =  total  heat  of  saturated  steam 
i  =  heat  content  —  u-\-  Apv 
r  =  latent  heat  of  vaporization 
p  =  internal  latent  heat 
^  =  Ap  (v"  —  v')  =  external  latent  heat 
s  =  entropy 
ju.  =  Joule-Thomson  coefficient 

The  liquid  state  is  characterized  by  a  symbol  with  a  prime,  the  state 
of  saturated  vapor  by  the  same  symbol  with  a  double  prime.  Thus  s', 
u,  and  i'  denote  respectively  the  entropy,  energy,  and  heat  content  of 
the  liquid,  5",  u" ,  i" ,  the  same  properties  of  the  saturated  vapor. 
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5.  Relations  Between  Certain  Thermal  Properties. — The  thermal 
properties  of  the  liquid  and  saturated  vapor  are  connected  by  relations 
that  follow  directly  from  the  definition  of  the  properties.    Thus 

r  =  P  -f  ^  =  P  +  Ap  (v"  —  v) 
u"  =  q'  +  P  q»  =  q'  +  r 

s"  =  8'+-y  i"=i'  +  r 

The  heat  content  i  is  defined  by  the  relation 

i  =  u-\-  Apv 
u  being  expressed  in  thermal  units;  hence 

%'  =  u'  +  Apv  i"  =  u"  +  Apv". 

The  heat  of  the  liquid  is  given  by 

c'dt, 

32 

in  which  c  denotes  the  specific  heat  of  the  liquid.  If  the  heat  is 
absorbed  by  the  water  at  constant  atmospheric  pressure  from  32°  to  212°, 
then  for  this  range 

q'  =  i'  =  [t  c'dt 

J    32 

The  entropy  of  the  liquid  is  given  by 


■/. 


'-  [W—  fc'dt 

!~J  T-J~Y' 


the  integral  being  taken  between  proper  limits. 

Above  212°  F.  a  distinction  between  q"  and  i"  must  be  observed. 
By  definition 

i"  =  u"  +  Apv" 
and  q"  =  u"  +  f  =  u"  +  Apv"  -  Apv. 

Hence  i"  —  q"  —  Apv', 

similarly  i'  —  q'  =  Apv'. 

At  low  temperatures  the  difference  Apv'  is  small  and  negligible.  The 
term  total  heat  is  often  used  indiscriminately  for  q"  and  i" ' ;  in  this  dis- 
cussion, however,  total  heat  refers  to  q"  and  the  name  heat  content  is 
reserved  for  the  property  denoted  by  i. 

6.     General  Equations.1 — From  the  two  laws  of  thermodynamics 
the  following  principal  equations  are  deduced. 


1.     Goodenough's   Principles  of  Thermodynamics,   Chap.    IV. 


GOODENOUGH — THERMAL  PROPERTIES   OF   STEAM  7 

dq  =  cvdT  +  AT(j^j    dv,  (1) 

dq  =  cpdT-AT^^j    dp.  (2) 

The  energy  equation 

du  =  dq  —  Apdv 
combined  with  (1)  leads  to  the  fundamental  equation 

du  =  cvdT  +  A\T(-Jj)    -p\dv;  (3) 

and  the  equation  of  definition 

di  —  dq  +  Avdp 
combined  with  (2)  gives  an  analogous  equation 

di  =  cpdT-A\T^)-v\dp.  (±) 

The  application  of  the  criterion  of  an  exact  differential  to  (4)  leads  to 
the  important  Clausius  relation 

(S).--^(S).- 

In  the  case  of  an  isothermal  process  dT  =  0  and  eq.   (4)  becomes 
/di_ 

\dp/  T  l.        \uj.   /   p 

while  for  a  throttling  process,  in  which  i  remains  constant,  (4)  becomes 

The  derivative  in  the  first  member  of   (7)   is  the  Joule-Thomson  co- 
efficient jU,. 

At  the  saturation  limit  the  thermal  properties  are  connected  by  the 
Clapeyron-Clausius  relation,  namely 

r=^K-<o(f)sat.  m 

The  derivative-^-    is  obtained  from  the  relation  p  =  f(t)  connecting  the 

pressure  and  temperature  of  saturated  steam. 

The  relations  (5)  and  (8)  are  specially  important  in  the  develop- 
ment of  any  general  theory  of  vapors.  The  equations  that  express  the 
various  thermal  properties  cannot  be  developed  independently.  They  are 
tied  together  by  these  relations,  which  must  be  satisfied  as  well  as  the 
experimental  data. 


7).-"[K5).-]' 


8  ILLINOIS  ENGINEERING  EXPERIMENT  STATION 

7.     Development  of  a  General  Theory. — The  Clausius  relation  may 

be  made  the  basis  of  a  set  of  equations  for  a  superheated  vapor.    Let  the 

relation  between  p,  v,  and  T  be  given  by  a  characteristic  equation 

v  =  f(P,T),  (9) 

and  let  the  specific  heat  cp  at  constant  pressure,  which  varies  with  both 

pressure  and  temperature,  be  expressed  by 

cp  =  cf>(p}T).  (10) 

dh 
Two  differentiations  of  the  first  equation  give  the  derivative  —=0  and 

one  differentiation  of  the  second  equation  gives  the   derivative—5. 

op 

The  form  of  the  function  in  (9)  must  be  so  chosen  that  the  experimental 

measurements  of  the  volume  are  satisfied,  the  function  4>  in  (10)  must 

likewise   satisfy  the   measurements   of   specific   heat,   and   furthermore 

the  two  functions  must  satisfy  the  Clausius  relation,  —  AT  — —  =  — — . 

61  *       op 

The  development  of  the  theory  may  proceed  along  either  one  of  two 

lines  of  attack.     (1)  A  charcteristic  equation  is  assumed — this  amounts 

to  fixing  the  function  /  in  (9) — and  the  constants  are  determined  so  as 

to  make  the  equation  represent  the  volume  measurements.     Successive 

d2v 
differentiation  gives  the  second  derivative  -p=g  ■,  and  this  is  substituted 

in  the  Clausius  relation.    The  result  is  an  equation  of  the  form 

whence  an  expression  for  cp  is  found  by  an  integration  with  respect 
to  p.  This  will  involve  an  arbitrary  function  of  T  as  a  constant  of 
integration.  Finally  the  equation  for  cp  is  tested  by  comparison  with 
experimental  results.  (2)  The  preceding  method  may  be  reversed. 
Starting  with  a  system  of  cp  curves  laid  down  from  the  available  experi- 
mental evidence,  the  derivative   I  is  evaluated,  then  by  two  integrations 

dp 

the  volume  v  is  determined  as  a  function  of  p  and  T. 

The  first  method,  which  is  employed  in  this  investigation,  has  an 
inherent  difficulty  and  for  that  reason  has  been  condemned  by  Davifl 
and  Jakob.  It  requires  the  evaluation  of  the  second  derivative  of  an 
observed  magnitude  v.  Now  when  a  function  is  empirically  fitted  io  a 
series  of  observed  values,  the  errors  of  the  function  are  liable  to  be 
magnified  in  the  first  derivative  and  the  second  derivative  is  still  more 
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uncertain.  This  point  may  be  made  clearer  by  a  geometrical  illustration. 
If  the  experimental  points  are  plotted  on  the  v,  T  plane  in  groups,  each 
representing  a  constant  pressure,  a  series  of  curves  may  be  made  to 
pass   through   the   groups    of   points   with   reasonable   accuracy.      The 

6econd  derivative    i^2  measures  the  curvature  of  these  constant-pressure 

lines,  hence  the  curves  must  not  only  fit  the  observed  values  of  v,  but  they 
must  have  precisely  the  proper  curvature. 

The  second  method  has  been  used  by  Jakob  in  his  investigation  (see 
p.  14).  Its  chief  disadvantage  is  the  practical  difficulty  of  performing 
the  mathematical  operations  involved.  Jakob  avoided  this  difficulty  by 
the  use  of  graphical  methods,  and  his  results  were  thus  obtained  by 
the  measurement  of  lines  and  areas.  Herein  lies  the  advantage  of  the 
first  method  if  it  can  be  successfully  applied.  The  mathematical  manip- 
ulation is  simple  and  direct,  the  various  thermal  magnitudes  are  given 
by  closed  expressions  and  therefore  they  may  be  calculated  without 
recourse  to  measurement  or  approximation. 

With  the  expressions  for  v  and  cp  established  by  either  method,  an 
equation  for  the  heat  content  i  is  found  upon  substituting  these  expres- 
sions in  the  general  equation  (4).  A  similar  substitution  in  the  general 
equation  (2)  leads  to  an  equation  for  the  entropy.  The  heat  content 
equation  when  applied  at  the  saturation  limit  must  give  values  that 
satisfy  the  Clapeyron  relation,  eq.  (8).  Another  check  on  the  i  equa- 
tion is  furnished  by  the  various  sets  of  throttling  experiments.  Accord- 
ing to  thermodynamic  theory  the  heat  content  i  remains  constant  in 
a  throttling  process;  hence  the  constant-^  lines  deduced  from  the  equa- 
tion for  i  should  lie  in  close  coincidence  with  the  experimental  points. 

III.     Review  of  Earlier  Investigations. 

8.  Zeuner's  Theory. — In  this  section  is  given  a  brief  review  of 
the  more  important  theoretical  investigations  on  the  thermal  properties 
of  steam.  Aside  from  historical  interest,  such  a  review  is  valuable  in 
showing  the  development  of  the  analytical  processes  with  increasing 
experimental  evidence;  and  also  in  exhibiting  the  various  methods  of 
attacking  the  problem. 

The  starting  point  of  Zeuner's   investigation1   is   the  assumption 
of  a  characteristic  equation  for  superheated  steam  of  the  form 
pv  =  BT-R, 

1.     Zeuner's  Technical  Thermodynamics,  Klein's  Tr.,  Vol.  II,  pp.  229-248. 
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in  which  the  correction  term  R  is  considered  to  be  a  function  of  the 
pressure  p  only.  Following  Eegnault's  experiments,  the  specific  heat 
cp  is  taken  as  a  constant,  viz.  cp  =  0.4805.  Then  from  the  fundamental 
equations  of  thermodynamics,  the  law  governing  the  adiabatic  expansion 
of  superheated  steam  is  deduced  in  the  form 

m 


--(■2-1 


which  is  the  form  found  for  adiabatic  expansion  of  a  gas,  provided 

k  —  1 

m  =  — z —  , 
h 

By  a  comparison  of  two  expressions  for  the  entropy  of  saturated 
steam  the  constant  m  is  given  the  value  0.25.  The  correction  term  R 
is  taken  proportional  to  the  fourth  root  of  the  pressure,  and  the  char- 
acteristic equation  thereupon  becomes 

pv  =  BT-Cpv*. 
The  energy  and  heat  content  of  unit  weight  of  saturated  steam  are  given 
respectively  by  the  simple  expressions 

Apv 


u  =  u0  -f 


Jc-1 


4 
and  with  h  =  — -,  these  become,  in  English  units, 
o 

u  =  857  +  3  Apv 

i  =  857  +  4  Apv. 

Zeuner  compared  the  saturation  volumes  deduced  from  the  charac- 
teristic equation  with  those  given  in  Eegnault's  tables  and  found  excel- 
lent agreement.  The  volumes  of  the  superheated  vapor  deduced  from 
the  equation  were  compared  with  a  few  experimental  values  given  by 
Hirn  and  Battelli  and  fair  agreement  was  observed".  The  heat  content 
of  the  saturated  vapor  calculated  from  the  formula  for  t  checked  with 
the  values  derived  from  Eegnault's  formula. 

Z<  uner's  theory  represented  excellently  the  experimental  evidence 
available  at  the  time  it  was  presented.  The  Munich  experiments,  how- 
ever, have  shown  conclusively  (1)  that  the  form  of  the  characteristic 
equation  assumed  by  Zetiner  cannot  possibly  represent  correctly  the 
volume  measurements;  (2)  that  the  specific  heat  cp  is  not  a  constant 
but  a  function  of  both  the  temperature  and  pressure.  Furthermore, 
the  admirable  investigation  of  Davis  has  shown  that  Eegnault's  linear 
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formula  for  the  heat  content  is  clearly  in  error.  The  foundations  of 
Zeimer's  theory  are  therefore  torn  away. 

9.  Callendar's  Theory1. — The  theory  proposed  by  Callendar  is 
assumed  to  apply  to  all  vapors.  The  starting  point  of  the  investigation 
is  a  modification  of  the  Joule-Thomson  equation 

=  BT_     Q_ 
V~~    p   ~  BT2 

Callendar  observes  (1)  that  the  equation  of  a  perfect  gas  at  high  tem- 
peratures is  not  pv  =  BT,  but  p(v  —  b)  =  BT,  where  b  is  the  minimum 
volume  or  "co-volume"  of  Hirn  and  van  der  Waals.  The  value  of  b 
may  probably  be  taken  as  equal  to  the  volume  of  the  liquid  when  the 
vapor  pressure  is  small.  (2)  If  it  be  assumed  that  the  average  total 
kinetic  energy  of  the  molecules  of  a  gas  is  directly  proportional  to  the 
energy  of  translation,  then  the  limiting  value  of  the  specific  heat  of 
a  gas  in  the  ideal  state  (^  =  0,  v=oc)  either  at  constant  pressure  or 
at  constant  volume  must  be  constant.  It  is  further  assumed  that  the 
kinetic  energy  of  the  vapor  is  proportional  to  p(v  —  b)   at  all  stages. 

a, 
Then  the  exponent  of  T  in  the  small  correction  term  -=p=j  of  the  Joule- 

(Cy)o 

Thomson  equation  is  not  2  but  n  =  -^-5-^  >  the  ratio  of  the  limiting  value 

of  the  specific  heat  at  constant  volume  to  the  limiting  value  of  pv/T. 
Next  adopting  the  hypothesis  of  Maxwell  regarding  the  partition  of 
energy,  the  limiting  value  of  this  ratio  for  a  triatomic  gas  like  steam  or 
C02  should  be  3.5.    The  equation  deduced  from  these  considerations  is 

BT  /T0\  3-5 

c\-t), 

in  which  T0  denotes  the  absolute  temperature  corresponding  to  0°  C. 
(273.1  C.  or  459.6  P.).  Taking  c0T03-5  as  a  single  constant  ra,  the 
equation  becomes  -nm 

V  —  b  =  —   mi  k   ' 

p          T3-5 
By  the  application  of  the  Clausius  relation,  the  specific  heat  at  constant 
pressure  is  given  by  the  expression 

CP  (Cp)o~T        rjT£Z 

in  which  (cp)0  denotes  the  assumed  constant  limiting  value  of  cp  when 


v  —  b  =■ 
P 


1.     On    the    Thermodynamical    Properties    of    Gases    and    Vapors.      Proc.    of    the    Royal 
Soc.  of  London,  Vol.  67  (1900),  pp.  266-286. 
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p  =  0.  Expressions  for  heat  content,  energy,  and  entropy  are  readily 
derived.  The  value  of  the  constant  (cp)0  is  given  as  0.4966,  and  with 
this  Callendar  computed  values  of  cp  at  the  saturation  limit  for  the  range 
0°-200°  C.  Values  of  the  total  heat,  latent  heat,  and  entropy  for  the 
same  range  were  also  computed  and  tabulated. 

Callendar's  work  was  published  in  1900,  five  years  before  the  appear- 
ance of  the  Munich  experiments  and  eight  years  before  the  publication 
of  Davis'  work  on  the  total  heat  of  steam.  It  is  interesting  to  note  that 
Callendar,  on  purely  theoretical  grounds,  and  in  opposition  to  the  then 
existing  experimental  evidence,  forecast  the  more  important  of  the  recent 
developments  of  the  subject.  He  showed  the  variation  of  the  specific 
heat  with  pressure  and  temperature,  though  the  values  he  calculated  are 
not  in  good  agreement  with  those  now  generally  accepted.  He  chal- 
lenged the  accuracy  of  Regnault's  linear  equation  for  total  heat  and 
predicted  the  proper  form  of  the  total  heat  curve,  as  it  was  afterward 
established  by  Davis.  He  calculated  from  Joly's  experiments  the  value 
of  the  latent  heat  at  100°  C.  (212°  F.)  as  540.2  Cal.,  almost  exactly 
the  value  that  is  now  considered  most  probable.  Upon  the  appearance 
of  the  Munich  volume  measurements  it  was  found  that  Callendar's 
characteristic  equation  represented  them  quite  accurately  up  to  160°  C. 
Above  160°  the  agreement  was  not  so  good  for  the  reason  that  the  equa- 
tion gives  the  isotherms  on  the  pv-p  plane  as  straight  lines,  while  the 
experimental  points  indicated  isotherms  with  an  appreciable  curvature. 

The  fundamental  defect  in  Callendar's  theory  is  the  assumption  of 
the  constancy  of  the  specific  heat  (cp)0  at  zero  pressure.  In  the  absence 
of  experimental  evidence  the  assumption  was  natural  and  the  basis  for 
it  appeared  plausible.  The  experiments  of  Knoblauch  and  Jakob  and 
the  later  confirmatory  experiments  of  Knoblauch  and  Mollier  showed 
conclusively  that  (cp)0  cannot  possibly  be  a  constant.  The  same  thing 
is  shown  by  the  specific  heat  measurements  of  Mallard  and  Le  Chatelier 
and  of  Langen  at  very  high  temperatures. 

Callendar's  paper  is  properly  regarded  as  one  of  the  most  important 
of  the  contributions  to  the  literature  on  the  properties  of  vapors.  It 
contains  suggestions  of  the  highest  value,  and  it  shows  what  may  be 
accomplished  by  the  application  of  pure  theory.  However,  in  the  light 
of  the  experimental  evidence  accumulated  since  the  publication  of  the 
paper,  it  is  clear  that  Callendar's  equations  without  modification  should 
not  at  present  be  used  as  a  basis  for  a  tabulation  of  steam  propertit-. 

Professor  Mollier  of  Dresden,  recognizing  the  importance  of  Cal- 
lendar's investigation,  made  it  the  basis  of  a  set  of  steam  tables  pub- 
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lished  in  190G.1  The  work  of  Mollier  has  been  practically  duplicated  by 
Smith  and  Warren2  in  their  new  steam  tables  published  in  1912.  It  is 
difficult  to  justify  the  appearance  of  the  last  set  of  tables.  The  authors 
make  a  claim  for  the  consistency  of  the  values,  a  claim  which  is  readily 
granted  since  the  values  were  calculated  from  a  set  of  equations  properly 
related  through  the  general  thermodynamic  equations.  Consistency  is 
obtained,  however,  at  the  .expense  of  accuracy.  No  account  whatever  is 
taken  of  the  Munich  experiments  on  specific  heat  and  even  Barnes'  note- 
worthy experiments  on  the  specific  heat  of  water  are  neglected.  The 
Mollier  and  the  Smith  and  Warren  tables  are  doubtless  much  better  than 
the  older  tables  based  entirely  on  Eegnault's  data;  but  on  the  score  of 
accuracy,  they  are  not  to  be  compared  with  the  Marks  and  Davis  tables 
or  with  Peabody's  latest  tables. 

10.  Davis'  Investigations. — To  Dr.  H.  N.  Davis  of  Harvard  Uni- 
versity we  are  indebted  for  two  of  the  most  valuable  and  important 
contributions  to  the  literature  of  the  properties  of  steam. 

In  his  first  paper,3  Dr.  Davis  investigated  the  Joule-Thomson  effect 
in  the  case  of  steam,  using  for  this  purpose  the  throttling  experiments 
of  Grindley,  Griessmann,  Peake,  and  Dodge.  The  object  of  the  investi- 
gation was  the  verification  of  the  law  of  corresponding  states.  From  the 
four  sets  of  throttling  experiments,  values  of  the  Joule-Thomson 
co-efficient  fi  were  determined,  and  the  "reduced"  values  of  fi  were  com- 
pared with  values  of  /x  for  carbon  dioxide.  It  was  found  that  the  law 
was  verified  within  the  limit  of  error  of  the  experiments.  With  respect 
to  the  properties  of  steam,  the  most  useful  result  of  the  investigation 
was  the  establishment  of  a  curve  showing  the  variation  of  /*  with  the 
temperature. 

The  important  feature  of  Davis'  second  paper4  is  the  discussion  of 
the  new  formula  for  the  heat  content  of  saturated  steam.  The  throttling 
experiments  were  undertaken  primarily  for  the  purpose  of  gaining 
information  on  the  specific  heat  of  superheated  steam.  All  attempts 
along  this  line  were  unsuccessful  for  the  reason  that  the  calculated 
specific  heat  depends  upon  the  rate  of  variation  of  the  heat  content,  and 
consequently  errors  in  the  formula  for  heat  content  are  enormously 
magnified  in  the  calculated  values  of  the  specific  heat.  Grindley  and 
Griessmann  used  Eegnault's  linear  formula  for  heat  content  and  were 


1.  Neue   Tabellen    unci    Diagramme   fur   Wasserdampf.     Berlin.      1900. 

2.  The    New    Steam    Tables,    D.    Van    Nostrand    Co.,    N.    Y.     1912. 

3.  On    the    Applicability    of    the    Law    of    Corresponding    States    to    the    Joule-Thomson 
Effect  in  Water  and  Carbon  Dioxide.     Proc.  Am.  Acad.  Arts  &  Sciences,  Vol.  45,  pp.  243-264. 

4.  Notes  on  Thermal  Properties  of  Steam.     Proc.  Am.  Acad.,  Vol.  45,  pp.  267-311,  1900. 
See  also  Proc.  A.  S.  M.  E.,  Vol.  30,  p.  1419,  1908. 
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unable  to  obtain  any  consistent  results.  When  the  calculation  is  re- 
versed, that  is,  when  the  variation  of  i  is  determined  from  the  assumed 
values  of  cv,  errors  in  cp  are  reduced  in  the  calculation  of  i.  The  ex- 
periments of  Knoblauch  and  Jakob  give  reliable  values  of  cp.  With 
these  available,  Davis  conceived  the  possibility  of  reversing  the  method. 
Taking  the  two  sets  of  experimental  data  (1)  the  throttling  experiments, 
(2)    the  Knoblauch  values  of  cp,  he  deduced  his  well-known  formula 

i"  =  i2i2  +  0.3745  (t  -  212)  -  0.00055  (t-  212)2 
which  is  universally  accepted  for  the  temperature  range  212°-400°  F. 
That  the  Regnault  linear  formula  for  heat  content  was  inexact  had  been 
apparent  for  some  time;  in  fact,  Callendar  in  1900  had  called  attention 
to  the  matter,  and  from  his  theory  had  obtained  an  i-curve  differing 
materially  from  Eegnault's  straight  line.  The  achievement  of  Davis  in 
definitely  settling  this  vexed  question  must  be  regarded  as  one  of  the 
most  noteworthy  in  the  history  of  the  subject. 

A  section  of  the  paper  is  devoted  to  a  critical  discussion  of  the 
specific  heat  of  superheated  steam,  and  the  results  of  the  researches  of 
the  Joule-Thomson  effect  are  used  to  develop  important  relations  be- 
tween the  specific  heat  and  the  coefficient  /*.    (See  p.  36.) 

Davis  also  discusses  the  test  furnished  by  the  Clausius  relation 
(page  8)  and  points  out  that  Linde's  characteristic  equation  can  not  be 
reconciled  with  the  Knoblauch  specific  heat  measurements  through  this 
relation.  He  goes  so  far  as  to  say  that  such  reconciliation  is  impossible, 
taking  the  accepted  volume  and  specific  heat  measurements. 

The  investigations  of  Davis  are  embodied  in  the  Marks  and  Davis 
steam  tables. 

11.     Jakob's  Investigation.1— -The  Clausius  relation  is  taken  as  the 

basis  of  the  investigation,  but  the  method  used  is  the  reverse  of  that 

used  in  the  development  of  the  present  theory.    Jakob  first  lays  down  a 

system  of  cp-curves  in  accordance  with  the  experiments  of  Knoblauch 

and  Jakob  and  Knoblauch  and  Mollier.    In  the  adjustment  of  the  curves 

use  is  made  of  the  thermodynamic  relation  suggested  by  Davis  (see  p. 

36).    The  characteristic  equation  is  given  the  form 

BT 
v= E, 

P 
in  which  the  correction  term  R  is  a  function  of  p  and  T.    Since 

_  b2v  _  62R 
~dT2~6Ti 


1.     Zeit.  de*  Verein.  deutsch.  Ing.,  Vol.  56,  pp.  1980-1988.     191*. 
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the  Clausius  relation  gives 


d2R 
whence 


\6p  /T 
A  J  J~T 


A  J  J  T     dp 
To  obtain  a  lower  integration  limit,  Jakob  attempts  to  set  a  value 

6c 

of  T  at  which  temperature  the  derivative  -~-    reduces  to  zero.     By  a 

rather  arbitrary  process  he  arrives  at  the  value  of  T  =  1200°  C,  approx- 
imately. Hence  at  this  temperature  the  term  R  changes  sign.  No 
attempt  is  made  to  deduce  an  equation  cp  =  <f>  (p,T),  and  consequently 
the  integrations  required  in  the  determination  of  R  are  performed  graph- 
ically. The  final  result  of  the  process  is  a  set  of  values  of  the  specific 
volume  v,  which  are  compared  with  the  volumes  calculated  from  Linde's 
equation. 

Jakob  also  gives  a  tabulation  of  the  heat  content  of  superheated 
steam.  From  the  assumed  specific  heat  curves,  the  mean  specific  heat 
from  saturation  to  a  given  temperature  t  is  obtained  by  measurement; 
the  product  cpm  (t  —  ts)  then  gives  the  heat  absorbed  during  superheat, 
and  the  sum  tsat  +  cpm  (t  —  ts)  is  the  required  value  of  i. 

12.  Heck's  Theory. — Professor  E.  C.  H.  Heck  has  published  sev- 
eral papers  on  the  properties  of  steam,  and  in  his  latest  paper1  he  has 
developed  a  complete  theory. 

The  starting  point  of  Heck's  investigation  is  the  Joule-Thomson 
effect.    Taking  the  identity 

px<Wi 

the  variation  of  n  with  the  temperature  is  known  at  least  approximately 

from  the  work  of  Davis.    A  relation  between  i  and  p  with  t  constant  is 

thus  determined,  and  ultimately  an  equation  for  i  is  deduced.     This 

has  the  form 

t  =  %  +  y'p  +  z'p2A 

in  which  i0,  y  and  z'  are  rather  complicated  functions  of  the  tempera- 
ture. The  function  i0  is  the  heat  content  for  p  =  0.  To  get  this  the 
specific  heat  cpo  for  p  =  0  has  to  be  determined,  and  for  this  purpose 

1.     Journal  A.   S.  M.   E.,  Nov.   1913,   pp.   1619-1630. 
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the  Knoblauch  and  Mollier  experiments  are  used.     The  equation  for 

Cpo    IS 

cpo  =  0.302  +     **4;^    +  0.000144*. 

t  -j-  boo 

The  general  equation  (6),  p.  7,  now  furnishes  a  relation  from  which 
the  form  of  the  characteristic  equation  may  be  inferred.  That  this 
relation  may  be  satisfied  it  is  sufficient  to  give  the  characteristic  equation 
the  form 

pv  —  BT  —  yp  —  zp2m* 
in  which  y  and  z  are  functions  of  t  that  are  related  respectively  to  the 
functions  y'   and  z.     The   constants  in   the  various   functions   are   so 
adjusted  that  the  i  and  v  equations  satisfy  the  Clausius  relation,  and  at 
saturation  the  Clapeyron  relation. 

Heck's  theory  satisfies  all  the  requirements  imposed  by  thermody- 
namic laws.  Unfortunately,  the  paper  was  published  in  abstract  and  the 
most  valuable  part — the  comparison  of  the  theory  with  experimental 
data — was  omitted.  It  may  safely  be  assumed,  however,  that  the  agree- 
ment is  satisfactory. 

13.  Other  Investigations. — Other  investigations  of  less  immediate 
importance  may  be  noted. 

Linde1  in  his  discussion  of  the  experiments  of  the  Knoblauch,  Linde, 
and  Klebe  experiments,  after  establishing  his  two  characteristic  equa- 
tions, attempted  to  deduce  from  them  the  latent  heat  of  steam  and  the 
specific  heat  of  superheated  steam.  The  results  obtained  were  not  con- 
firmed by  the  later  experiments  on  specific  heats. 

Dieterici's  paper  entitled  "Energieisothermen  des  W'assers  bei  hohen 
Temperaturen"2  describes  an  attack  on  the  problem  of  the  properties  of 
steam  by  an  original  and  ingenious  method.  In  the  light  of  our  present 
knowledge,  some  of  the  basic  assumptions  are  unsound,  and  the  results 
therefore  have  no  significance. 

Schiile8  lias  recently  published  a  tabulation  of  steam  properties. 
The  values  were  obtained  by  purely  empirical  processes,  and  no  attempt 
was  made  to  correlate  them  through  thermodynamic  relations.  Perhaps 
the  most  valuable  part  of  Schiile's  work  is  the  attempt  to  determine  the 
properties  in  the  vicinity  of  the  critical  temperature. 

1.  Mitteil.   uber   ForscluinKsarheiten.   Vol.   21.   pp.   .r>7-92. 

2.  AnnaUn    der    Plivsik    (4),    Vol.    16,    pp.    907-930. 

S.     Zeit  des  Verein.  deutsch.   Ing.,  Vol.  65,  pp.    1506-1519,    l.".r.i-i  r,67. 
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IV.     Development  op  a  General  Theory  op  the  Properties  op 

Steam. 

14.  Units  and  Constants  Employed. — In  this  section  is  given  the 
development  of  the  equations  that  represent  the  various  properties  of 
saturated  and  superheated  steam.    The  order  of  topics  is  as  follows : 

A.  Relation  between  pressure  and  temperature  of  saturated  steam. 

B.  Specific  volumes.    Characteristic  equation  of  superheated  steam. 

C.  Specific  heat  of  superheated  steam. 

D.  Heat  content,  latent  heat,  heat  of  liquid,  energy,  and  entropy. 

E.  The  Joule-Thomson  effect. 

F.  Thermal  properties  near  the  critical  temperature. 

As  a  preliminary  step,  the  establishment  of  certain  units  and  con- 
stants is  necessary.    These  are 

1.  The  thermal  unit. 

2.  The  mechanical  equivalent  of  heat. 

3.  The  temperature  of  melting  ice  on  the  absolute  scale. 

In  this  investigation  the  mean  B.t.u.  is  taken  as  the  thermal  unit. 
This  is  defined  as  1/1 80th  of  the  heat  required  to  raise  the  temperature 
of  a  pound  of  water  from  32°  to  212°  F.  The  corresponding  mean 
calorie  is  by  Griffiths1  identified  with  the  17^2°  calorie  and  by  Barnes 
with  the  16°  calorie. 

The  various  determinations  of  the  mechanical  equivalent  seem  to 
justify  the  value  established  by  Griffiths1  in  1893,  namely, 
1  mean  calorie  =  4.184  joules 
1  mean  B.t.u.    =  777.64  standard  ft.  lb. 
This  value  has  been  used. 

Various  determinations  of  the  absolute  temperature  of  the  ice-point 
are  discussed  by  Marks  and  Davis2,  and  the  value  chosen  by  them  is 
491.° 64.  It  does  not  seem  that  the  evidence  is  sufficient  to  justify  the 
degree  of  accuracy  indicated  by  the  fifth  figure;  hence  in  this  investiga- 
tion 491.° 6  has  been  used.  The  relation  between  absolute  and  ordinary 
temperatures  is  thus  given  by 

T  =  £  +  459.6. 

A.     relation   between   temperature   and   pressure   of   saturated 

steam. 
15.     Experimental   Data. — The    important   relation   p=f(t)    for 
saturated  steam  has  been  definitely  determined  by  three  sets  of  experi- 

1.     The  Thermal  Measurement  of  Energy. 
*.     Steam  Tables,  p.  88. 
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merits  conducted  at  the  Reichsanstalt  within  the  last  five  years.  Each  set 
covers  a  different  range  of  temperature;  Scheel  and  Heuse's1  experi- 
ments cover  the  lower  range  0-50°  C.  (32°-122°  P.),  Holborn  and 
Henning's2  the  range  50°-200°  C.  (122°-392°  ¥.),  while  Holborn  and 
BaumannV  experiments  extend  from  200°  to  the  critical  temperature. 
The  character  of  the  work  done  at  the  Eeichsanstalt  is  a  sufficient  guar- 
anty that  every  precaution  was  taken  and  that  the  measurements  are  as 
precise  as  can  be  obtained  with  modern  instruments  and  methods. 

The  values  of  the  saturation  pressure  as  deduced  from  the  respec- 
tive sets  of  experiments  are  given  in  the  following  tables.  In  the  third 
table  the  values  are  not  those  given  by  Holborn  and  Baumann  but  values 
deduced  therefrom  by  Prof.  Marks.4 


Table  1. 

SCHEEL  AND  HeUSE. 


Temp. 

Pressure  in  mm.  of  mercury 

C. 

0 

1 

2 

3 

4 

5 

• 

7 

8 

9 

0 

4.579 

4.926 

5.254 

5.685 

6.101 

6.543 

7.014 

7  514 

8.046 

8  610 

10 

9.210 

9.845 

10.519 

11.233 

11.989 

12.790 

13.637 

14  533 

15.840 

16.481 

20 

17.539 

18.655 

19.832 

21.074 

22.383 

23.763 

25.217 

26.747 

28.558 

30.052 

30 

31.834 

33.706 

35.674 

37.741 

39.911 

42.188 

44.577 

47.08? 

49.708 

52.459 

40 

55.341 

58.36 

61.52 

64.82 

68.28 

71.90 

75.67 

79  62 

83.74 

88.05 

50 

92.54 

Table  2. 
Holborn  and  Henning. 


Temp.  C. 

Pressure  in  mm.  of  mercury 

0 

2 

4 

6 

8 

50 

92.3 

101.9 

112.3 

123  6 

135.9 

60 

149.2 

163.6 

179.1 

195.9 

214.0 

70 

233.5 

254.5 

277.1 

301.3 

80 

355.1 

384.9 

416.7 

450.8 

487.1 

90 

525.8 

567.1 

611.0 

957  7 

707.3 

100 

760.0 

815.9 

875.1 

937.9 

1004 

110 

1074.5 

1149 

1227 

1310 

1397 

120 

1489 

1586 

1687 

1795 

1907 

130 

2020 

2150 

2280 

2416 

2560 

14(1 

2709 

2866 

3030 

3202 

3381 

150 

3569 

3764 

3968 

4181 

44U2 

160 

4633 

4874 

5184 

5384 

5655 

170 

5937 

6229 

6533 

5848 

7175 

180 

7.r)14 

7866 

8230 

8808 

8999 

190 

0404 

0823 

10256 

10705 

11188 

200 

11(147 

12142 

12653 

1.  Annalen  der  Physik   (4),  Vol.  81,  pp.  715-785,  1 010. 

2.  Annalen  der  Physik  (4).  Vol.  85,  pp.  833-Ss;?,  1908. 

8.     Annalen    der    Phvsik    (4).    Vol.    31.    pp.    945-970.    1910.      See   also   articles   by    Risteen; 
The  Locomotive,  Vol.  20.  pp.   85,    1-::.  2  10;  Vol.  27,  p.  54:  Vol.  88,  pp.  88,  118. 
4.      Proc.   A.   S.   M.   E.,  Vol.   33,  p.   572. 
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Table  3. 
holborn  and  baumann. 
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Temp. 

Pressure  in  lb.  per  iq.  in. 

F. 

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

400 
500 
600 
700 

246.99 
679.26 
1539.9 
3083.4 

276.34 
742.55 
1657.8 

308.33 
810.31 
1782.9 

343.18 

882.58 
1915.3 

380  92 
959.85 
2055.1 

421.85 
1042.2 
2203.1 

465.95 
1130.2 
2359.2 

513.65 
1223.7 
2523.4 

565.08 
1323.0 
2697.1 

620.18 
1428.3 

2882.3 

16.  Pressure-Temperature  Formulas. — A  large  number  of  formulas 
have  been  proposed  to  represent  the  relation  between  pressure  and  tem- 
perature of  saturated  steam.  The  greater  number  of  these  are  purely 
empirical,  but  a  few  have  a  semi-rational  basis. 

Of  the  earlier  formulas  suggested,  two  have  been  quite  generally 
used,  namely,  Roche's  and  Biofs.1  From  certain  theoretical  considera- 
tions Roche  deduced  the  form 


p  =  a  am+ue 
in  which  a,  a,  m,  and  n  are  constants  and  6  =  t  +  const.,  that  is,  6 
denotes  the  temperature  measured  from  some  zero  arbitrarily  chosen. 
Biot  suggested  the  more  general  form. 

log  p  =  a  +  ha?  +  eft6 
which  has  five  constants.    The  Biot  formula  has  been  generally  used  to 
represent  Regnault's  experiments. 

A  group  of  formulas  may  be  deduced  from  the  following  considera- 
tions.   The  Clapeyron  relation 


r  =  AT  (v"-v') 


dp 


dT. 


may  be  written  in  the  form 

dp        1  1 

~p   ~  T     Ap  (v"  -  v') 
In  the  fraction  of  the  second  term  the  numerator  is  the  latent  heat  r  and 
the  denominator  is  the  external  latent  heat, 

\f/  =  Ap  (v"  —  v') 
that  is,  the  part  of  r  that  is  used  in  overcoming  external  resistance. 
If  values  of  r  and  of  \j/  be  plotted  as  ordinates  against  temperatures  as 
abscissas,  the  resulting  curves  are  of  such  character  that  they  can  bt 
represented  very  closely  by  equations  of  the  type 


1.     Preston's  Theory  of  Heat,  Art.   188. 
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r  =  a,  +  a2T  +  a3T2  +  a4T3  + 

f  =  T  (hx  +  62T  +  &3T2  +  b4T*  + ) 

The  second  curve  should  properly  pass  through  the  origin,  since  the 
product  pv"  should  approach  zero  as  T  approaches  zero.     By  division 

t  =i  (Cl  +  c2r  +  c3r2  +  c4r3+ ) 

and  the  suhstitution  of  this  expression  in  the  original  Clapeyron  relation 
leads  to  the  differential  equation 

—  =   ^T  (*  +  *F  +  ^  +  c4T3  + )dT. 

The  integration  of  this  equation  gives  the  following  general  form  for 
the  relation  pz=f{t) 

\ogp  =  A+  !-  +  ciogr  +  OT  +  #r2  +  Fr3+ (li) 

The  number  of  constants  may  be  increased  indefinitely  by  taking  more 
terms  involving  the  higher  powers  of  T ;  hence  the  equation  may  be 
fitted  if  desired  to  a  large  number  of  experimental  points.  The  signs 
of  the  coefficients  B,  C,  D,  E,  etc.,  may,  of  course,  be  either  positive  or 
negative. 

Several  formulas  that  have  been  proposed  are  simply  modifications 
of  this  general  equation. 

a.  The  Dupre-Hertz  formula,  which  is  usually  written  in  the  form 

log  p  =  k  —  m  log  T  -  — , 

includes  the  first  three  terms  of  the  general  equation. 

b.  Callendars  formula} — Callendar  deduced  from  his  equations  for 
total  heat  and  entropy  a  pressure-temperature  relation  of  complicated 
form,  but  remarked  that  the  equation  could  be  written  in  the  form 

log  p  =  A  -f  -=-  -f  G  log  T  +  small  terms. 

c.  Bertrand's  formulas.2— If  the  expressions  for  r  and  Ap  (v"  —  v) 
are  taken  as  linear  in  T,  the  integrand  assumes  a  form  that  permits  inte- 
gration in  finite  terms.  Bertrand  assumed  that  for  water  vapor  the 
following  relations  are  sufficiently  well  satisfied. 

p  (v* _ „')  =  B  ( T  +  a) ,    r  =  M-iiT 
The  Clapeyron  relation  then  becomes 

<ty  .         m  -  nT 
,  p        ABT(T  +  a)ai 

1.  Proc.  Royal  Soc.  of  London,  Vol.  67,  p.  285,  1900. 

2.  Chwolson,  Lehrbuch  der  Physik,  Vol.  S,  p.  736. 
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from  which  p  =  h  jtftt — \~r 

or  log  p  =  log  /.;  +  a  log  T  —  /3  log  ( T  -f  a) 

In   deducing   Bertrand's   second   formula,   it   is  assumed  that  the 
relation 

Ap(v"-v-)=aT_b 

r  * 

holds  good  for  steam.    From  this  relation  the  equation 


m 


T 

or  log  p  =  log  h  —  n  log  -= ■ 

-L  lib 

is  easily  obtained.  While  Bertrand's  equations  are  convenient  for  the 
purposes  of  calculation,  they  cannot  be  extended  over  any  considerable 
temperature  range  without  change  of  constants.  The  same  statement 
applies  to  the  Dupre-Hertz  formula. 

d.  Marks'  formula. — If  in  the  general  equation  (11)  the  constant 
0  is  made  equal  to  zero  and  terms  containing  powers  of  T  above  the 
second  are  suppressed,  the  resulting  equation  has  the  form  deduced  from 
quite  different  considerations  by  Prof.  Marks.1 

One  other  formula  should  be  mentioned.  Thiesen's  formula  involves 
the  critical  temperature  4  and  atmospheric  pressure.  In  the  metric 
units  (p  in  mm.  of  mercury  and  t  in  deg.  C.)  it  may  be  written  in  the 
form 

riog760=il  (*-100)-£(*k-*)4-(*k-100)4 

Thiesen's  formula  is  used  as  a  standard  of  reference  by  Henning2  in 
an  elaborate  discussion  of  various  pressure-temperature  measurements. 

It  is  an  easy  task  to  fit  any  of  the  proposed  equations  to  the  experi- 
mental values  through  a  limited  temperature  range;  but  to  obtain  a 
single  equation  that  will  satisfactorily  represent  the  experiments  over 
the  entire  range  from  32°  to  the  critical  temperature  is  a  problem  of 
some  difficulty. 

Marks'  equation, 

logp^A-^-CT  +  DT*, 
represents  the  experimental  values  above  400°  F.  with  remarkable  accu- 

1.  Proc.  A.  S.  M.  E.,  Vol.  33,  p.  573. 

2.  Annalen  der  Physik   (4),  Vol.   22,  pp.   609-630,  1907. 
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racy  and  may  be  extended  to  300°  F.  with  satisfactory  results.  Below 
300°  the  Marks  curve  begins  to  run  below  the  experimental  points,  as 
shown  in  Fig.  1,  and  the  Scheel  and  Heuse  points  are  missed  entirely. 
Heck1  has  slightly  changed  the  constants  of  the  Marks  equation  with  the 
avowed  purpose  of  getting  the  proper  value  of  p  at  212°  F.  At  this 
temperature  the  Marks  equation  gives  p  =  14.672,  while  the  exact  value 
is  14.697.    The  two  sets  of  constants  are  as  follows: 

Marks  Heck 

A  =  10.515345       10.606400 

log  B=    3.6878597       3.6897500 

log  0=    3.6075880       3.6205462 

log  D  =    6.1439400       6.1601803 

T  =  t  +  459.64 
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Fig.  1.     Pressure  and  Temperature  of  Saturated  Steam. 


The  curve  H,  Fig.  1,  shows  the  agreement  between  Heck's  equation  and 
the  experimental  points.  It  is  apparent  that  Heck's  modification  im- 
proves the  agreement  throughout  the  lower  range  of  temperature,  which 
is  the  most  important.  Above  600°,  however,  Heck's  curve  begins  to 
deviate  widely  from  the  Holborn  and  Baumann  points. 

The  equation  worked  out  in  the  present  investigation  may  in  a 
sense  be  regarded  as  a  modification  of  Marks'  equation.  In  the  first 
place  a  term  involving  log  T  was  added  as  is  suggested  by  the  general 
form  (11).    The  equation  thus  took  the  form 


1.     Journal  A.   S.  M.  E.,  Vol.  35,  p.   1627,   1913. 
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logp  =  A  —  y-  C  log  T-DT  +  ET\ 
and  the  following  constants  were  determined: 

A  =  10.5688080  log  D  =  3.6088020 

log  B  =    3.6881209  log  E  =  (U463000 

(7=    0.0155  T  =  *  +  459.6 

With  these  constants,  the  equation  represents  the  Holborn  and  Baumann 
points  above  400°  with  substantially  the  same  accuracy  as  the  Marks 
equation,  and  it  represents  the  experiments  throughout  the  range  32°- 
300°  very  much  better  than  the  Marks  equation.  It  is,  however,  open 
to  two  objections:  (1)  At  212°  it  gives  p  —  14.694,  which  is  still 
too  low;  (2)  at  32°  it  gives  a  value  of  p  considerably  higher  than  is 
indicated  by  the  Scheel  and  Heuse  experiments. 

It  was  found  that  these  objections  could  be  removed  and  the  agree- 
ment improved  throughout  by  the  inclusion  of  a  small  correction  term. 
The  final  equation  is,  therefore, 

\ogp  =  A-  ^-ClogT-DT  +  ET*-A  (A) 

where  A  =  0.0002  (10  -  10  02  +  04), 

and  e=^T' 

The  addition  of  the  term  A  amounts  to  the  inclusion  of  terms  involving 
T3  and  T4  in  the  general  formula  (11).  The  values  of  ClogT  and  A 
are  easily  calculated,  and  since  A  is  an  even  function  of  t  the  values 
below  370°  are  duplicated  above  370°.  The  labor  of  calculation  is  there- 
fore not  materially  increased  by  the  inclusion  of  these  terms. 

17.  Comparison  of  Formulas. — In  Fig.  1,  equation  (A)  is  used  as 
a  standard  of  reference.  The  points  plotted  are  taken  from  the  pre- 
ceding tables,  and  the  curves  M  and  H  represent  respectively  the  equa- 
tions of  Marks  and  Heck.  Ordinates  represent  the  relative  deviation 
from  the  value  of  p  calculated  from  the  formula.  It  is  seen  that  the 
proposed  equation  (A)  represents  the  experimental  values  with  a  high 
degree  of  accuracy.  The  deviations  except  at  two  or  three  isolated  points 
are  well  within  1  part  of  1000,  which  is  probably  within  the  limit  of 
accuracy  of  the  experiments.  For  the  lower  range  32°  to  400°,  Heck's 
formula  is  superior  to  Marks',  and  the  proposed  formula  (A)  is  superior 
to  both.  Above  450°  Marks'  formula  gives  slightly  better  results  than 
the  new  formula,  and  Heck's  equation  shows  considerable  deviation  from 
the  experimental  points. 
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It  will  be  seen  that  none  of  the  three  curves  follows  the  general 
course  of  the  Scheel  and  Heuse  points.  Both  the  M  and  II  curves  tend 
to  favor  the  low  Holborn  and  Henning  point  at  122°  F.  rather  than  the 
high  Scheel  and  Heuse  point  at  the  same  temperature.  The  curve  of 
equation  (A)  on  the  other  hand,  lies  nearer  the  Scheel  and  Heuse  points 
throughout  except  at  the  extreme  end  of  the  range  near  32°.  The  dis- 
crepancy between  the  two  points  at  122°  is  greatly  magnified  in  the 
figure;  the  actual  pressure  difference  is  0.2-i  mm.  of  mercury.  Scheel 
and  Heuse  have  noted  this  discrepancy  and  they  defend  the  higher  point. 
Equation  (A)  is  probably  more  accurate  throughout  the  range  40°-200° 
than  either  of  the  others.  At  32°  the  value  calculated  from  the  equation 
is  4.587  mm.  while  the  accepted  value  is  4.579  mm.  of  mercury.  The 
discrepancy  is  unimportant  so  far  as  pressures  are  concerned.  The 
significant  fact  is  that,  accepting  the  Scheel  and  Heuse  points  as  authen- 
tic 
tic,  the  derivative    -p^     calculated  from  any  one  of  the  three  of  the 

equations  must  be  too  small  in  the  range  32°-80°.     The  effect  of  this 
error  will  be  shown  in  another  section. 

B.      VOLUME  OF  SUPERHEATED  AND  SATURATED  STEAM.      CHARACTERISTIC 

EQUATIONS. 

18.  Experimental  Data. — Direct  experiments  on  the  specific  volume 
of  saturated  and  superheated  steam  have  been  made  by  Ramsay  and 
Young1,  by  Battelli2,  and  by  Knoblauch,  Linde,  and  Klebe3.  The  experi- 
ments in  the  Munich  laboratory  conducted  by  Knoblauch,  Linde,  and 
Klebe  were  so  superior  in  all  respects  to  those  of  the  other  investigators, 
that  the  results  are  generally  accepted  as  decisive. 

The  apparatus  used  in  the  Munich  experiments  was  so  arranged 
that  three  sets  of  observations  were  made.  1.  The  pressure  of  the 
saturated  vapor  corresponding  to  the  temperature.  2.  Simultaneous 
values  of  pressure  and  temperature  corresponding  to  a  predetermined  con- 
stant volume  of  superheated  steam.  3.  The  corresponding  saturation 
values  of  p  and  t  for  the  given  volume.  In  conducting  the  experiment 
the  volume  of  a  predetermined  weight  of  steam  was  kept  constant  and 
corresponding  temperatures  and  pressures  were  observed.  These  observed 
values  of  p  and  t  when  plotted  give  a  constant  volume  curve,  or  "isochor" 
on  the  p^-plane.  It  was  found  that  the  curves,  within  the  limits  of 
accuracy   of   the   experiments,   were   straight   lines.      These   lines   were 


1.  Phil.  Trans.  Roy.  Soc.  of  London,  Vol.   183-A,  p.   107   (1802). 

2.  Annalcs  de  Chimie  et  de  Physique  (7).  Vol.  3,  p.  408  (189-n. 

3.  Mitteilungen   Gber   Forschungsarbeit.,   Vol.   21,   pp.   33-72    (1905). 
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prolonged  to  intersect  the  saturation  curve  p  =  f(t),  and  the  points  of 
intersection  gave,  therefore,  simultaneous  values  of  p,  v,  and  t,  at  the 
saturation  limit. 

For  convenience  in  establishing  a  characteristic  equation,  Linde 
made  use  of  the  scheme  of  representation  devised  by  Amagat.  Values 
of  the  product  pv  were  plotted  as  ordinates  against  values  of  p  as 
abscissas.  The  experimental  points  were  not  taken  for  this  purpose  but 
rather  the  points  determined  by  the  intersection  of  the  successive  isochors 
by  lines  of  constant  temperature.  In  this  way  the  points  on  the  pv-p 
plane  are  separated  into  groups,  each  of  which  is  associated  with  a 
particular  temperature.  In  other  words,  curves  through  the  successive 
sets  of  points  are  lines  of  constant  temperature,  or  isotherms.  Fig.  2 
shows  the  points  as  thus  determined.  These  were  not  copied  from 
Linde's  chart,  but  were  calculated  independently  from  the  experimental 
data  by  Mr.  Simmering. 

19.  Characteristic  Equations. — A  large  number  of  equations  have 
been  proposed  to  represent  the  relation  between  the  p,  v,  and  t  of  super- 
heated vapors.    In  general  these  equations  have  the  form 

pv  =  BT  —  R 

or  the  form 

p(v  —  b)  -BT  —  R, 

in  which  R  is  the  so-called  correction  term.  In  the  second  form  account 
is  taken  of  the  co-volume  (see  p.  11) .  The  term  R  is  taken  as  a  function 
of  one  or  more  of  the  variables,  p,  v,  t.  Zeuner  makes  R  =  (7p1/4,  Tumlirz 
assumes  simply  R  —  Cp.    In  Callendar's  equation,  namely 


p(v-b)=BT-pc0(^) 


R  is  proportional  to  the  product  pT~3-5.  It  may  be  noted  that  if  R  is 
taken  as  a  function  of  p  and  T,  or  as  a  function  of  p  alone,  and  p 
appears  in  the  first  power  only,  then  the  isothermals  on  the  pv-p  plane 
are  straight  lines.  The  Tumlirz  equation  pv  —  BT  —  cp  gives  a  group 
of  parallel  straight  lines,  while  the  Callendar  formula  gives  straight 
lines  inclined  at  different  angles.  In  one  group  of  equations  the  term  R 
is  made  a  function  of  v  alone  or  a  function  of  v  and  t.  In  the  well  known 
van  der  Waals  equation 

and  in  the  Clausius  equation 


T  (v  +  B) 
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In  the  first  empirical  formula  proposed  by  Linde 


R=h[c(™)-°] 


Since  p  and  T  are  always  taken  as  the  independent  variables  and 
v  is  the  magnitude  calculated,  it  is  extremely  inconvenient  to  have  an 
equation  with  a  power  of  v  higher  than  the  first;  hence  equations  having 
R  a  function  of  p  and  T  have  a  practical  advantage.  With  this  point 
in  view,  Linde  constructed  his  second  equation,  namely 

pv  =  BT-p(l  +  ap)  \c  (  — j  -  Dj- 

This  equation  has  been  generally  accepted,  and  from  it  have  been  calcu- 
lated the  values  of  v  that  appear  in  the  Marks  and  Davis  and  the  Peabody 
steam  tables.1 

While  Linde's  second  equation  represents  the  experiments  within 
the  limits  of  accuracy  it  is  open  to  two  serious  objections.  (1)  At  402°  C. 
the  correction  term  R  vanishes  and  for  higher  temperatures  it  changes 
sign.  In  the  language  of  Linde,  the  vapor  bcomes  a  more  than  perfect 
(iibervollkomenes)  gas  at  temperatures  above  402°.  (2)  Taking  the 
specific  heat  measurements  of  Knoblauch  and  Mollier  as  decisive,  it  is 
impossible   to  satisfy   the   Clausius   thermodynamic  relation   with   the 

values  of  the  derivative     -r^-     obtained  from  Linde's  equation.     This 

means  that  while  the  constant  pressure  curves  deduced  from  Linde's  equa- 
tion pass  through  the  experimental  points  with  sufficient  accuracy,  they 
have  not  the  proper  curvature.  Dr.  Davis  in  his  paper  on  the  properties 
of  steam2  has  pointed  out  this  defect,  and  has  expressed  the  opinion 
that  no  reliable  cp  values  can  be  obtained  through  the  Clausius  equation 
from  any  volume  measurements  as  yet  available.  That  this  view  is  not 
justified  will  be  shown  in  the  following  section. 

In  the  course  of  the  present  investigation  a  number  of  equations 
have  been  developed.  These  differ  slightly  in  form,  and  each  may  be 
considered  a  modification  of  Linde's  second  equation.  The  first  equation8 
was  given  the  form 

v  +  c=  — — (1  +  ap)  7^. 


1.  Marks  and  Davis,  Steam  Tables  and  Diagrams,  p.  98. 

2.  Am.    Acad,   of   Arts  and   Sciences,   Vol.   45,   p.   28S  and   p.   303. 

3.  Goodenough's  Principles   of  Thermodynamics,   p.   203. 


GOODENOUGH — THERMAL  PROPERTIES  OF  STEAM  27 

The  equation  resembles  Linde's  equation  in  retaining  the  expression 
(l-\-ap)  which  serves  to  give  the  parabolic  form  to  the  isothermals 
when  drawn  in  the  pv-p  plane.  See  Fig.  2.  The  constant  D  in  Linde's 
equation  is  dropped,  but  another  constant  is  added  to  v.  The  values 
assigned  to  the  constants  were  as  follows : 

Metric  units  English  units 

(p  in  kg.  per  sq.  m.)  (p  in  lb.  per  sq.  in.) 

5  =  47.113  B  =    0.5963 

log  m  =  11.19839  log  m  =  13.67938 

w=    5  n  —   5 

c=    0.0055  c=    0.088 

a=    0.00000085  a=    0.0006 

With  these  constants  the  equation  represents  the  experimental  results 
with  substantially  the  same  accuracy  as  Linde's  equation ;  and  by  means 
of  the  Clausius  relation  the  specific  heat  measurements  of  Knoblauch 
and  Mollier  are  fairly  well  verified. 

A  careful  study  of  conditions  to  be  satisfied  led  to  further  modifica- 
tions. It  was  found  that  more  consistent  results  could  be  obtained  by 
taking  a  fractional  power  of  p  in  the  correction  term.  Further,  it  was 
found  that  by  taking  4  instead  of  5  for  the  exponent  n  the  constant  c 
could  be  omitted.    Hence  the  second  equation  was  given  the  form 

The  constants  for  this  equation  are 

Metric  (p  in  kg.  per  sq.  m.)  English  (p  in  lb.  per  sq.  in.) 

log  B  =  1.67274  log  B  =    1.77508 

log  m  =  8.65429  log  m  =  10.88000 

3a  =  0.001131  2>a  =    0.03 

n =4  n  =   4 

In  all  respects  this  equation  is  an  improvement  over  the  first 
equation. 

Further  consideration  of  the  question  led  to  another  slight  modi- 
fication with  a  corresponding  change  of  constants.  Accepting  Callendar's 
suggestion  that  the  first  member  should  contain  a  term  to  represent  the 
co-volume,  the  equation  was  given  the  form 

f-c  =  ^-(l  +  30p*)^.  (B) 

and  the  value  of  c  was  taken  as  the  specific  volume  of  water.  Hence. 
when  the  equation  is  used  to  determine  the  specific  volume  of  saturated 
steam,  the  first  member  becomes  simply  v" —  v'.  Since  this  difference, 
rather  than  the  steam  volume  v",  occurs  in  the  Clapeyron  relation  and 
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in  other  thermodynamic  formulas,  the  inclusion  of  the  constant  c  really 
simplifies  the  calculation  of  the  thermal  magnitudes  that  involve  specific 
volumes.    The  constants  of  the  final  equation  are  as  follows : 

Metric  English 

log    5  =  1.67206  log    5  =    1.77441 

log   m  =  8.59929  log  m  =  10.82500 

log  3a  =  3".28644  log  da  =    2.71000 

n  =  4  n—    4 

With  the  satisfaction  of  the  Clausius  relation  in  view,  Heck1  has 
developed  an  equation  which  is  in  form  considerably  different  from  any 
heretofore  suggested.    It  is 

BT  5 5__    14 

V         V         (*+130)2      "   (*  +  40)8  V' 
The  constants  are:    5  =  0.5956,   log  5  =  4.66365,   log  5  =  11.02244. 
Pressures  are  to  be  taken  in  lb.  per  sq.  inch. 

It  may  safely  be  assumed  that  Heck's  equation  represents  the  volume 
measurements  sufficiently  well  and  that  it  satisfies  the  Clausius  relation. 
20.  Tests  of  the  Characteristic  Equation. — The  following  compari- 
sons are  made  to  establish  the  validity  of  equation  (B)  as  far  as  specific 
volumes  are  concerned.  The  question  of  the  satisfaction  of  the  Clausius 
relation  is  discussed  in  the  following  section. 

1.  Isothermal  curves  are  calculated  from  (B)  and  drawn  on  the 
pv-p  plane  along  with  the  points  plotted  from  the  measurements  of 
Knoblauch,  Linde  and  Klebe.  The  result  is  shown  in  Fig.  2,  which  may 
be  compared  with  Fig.  13  in  Linde's  paper.2  The  agreement  between 
the  curves  and  points  is  thoroughly  satisfactory. 

2.  As  has  been  stated,  the  constant  volume  lines  of  Knoblauch, 
Linde,  and  Klebe  when  drawn  on  the  p£-plane  appeared  to  be  straight 
lines.  Linde3  has  compared  the  slopes  of  these  lines  as  observed  with 
the  slopes  calculated  from  his  first  equation.  The  slopes  at  the  saturation 
limit  have  been  calculated  from  (B),  and  the  following  table  gives  a 
comparison 


■(?,). 


Table  4.  Values  of 

/  =  101.4        112.3        126.5        139.2  150.3  163.2  170  180.6        183 

From  (B) 30.7         44.0         68.4         99.0  134.7  189.2  224.8        291.5        309.7 

Linde 30.4         43.9         67.4  97.9  132.9  188.9  221.7        287.5        303.7 

Observed 30.4         44.3         68.0         99.3  134.0  188.6  225.0        293.0        313.0 

Heck 30.5 96_3 178.7 285.2 

1.  Journal  Am.   Soc.  Mech.  Eng'nrs,  Nov.,  1913,  p.  1619. 

2.  Mitteil.   iiber   Forschungsarbeit.,   Vol.   21,  p.   58. 

3.  Loc.  cit,  p.  67. 
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The  comparison  is  somewhat  misleading,  because  both  Linde's 
second  equation  and  equation  (B)  give  values  of  the  slope  that  vary 
slightly  with  the  temperature.  This  variation  is  shown  for  four  of  the 
experiments. 

Table  5. 


Variation  of(  _£.  ) 

WITH   TBI 

7 

-1PERATUR] 

3. 

Exper.  No.     1     t  =  101.4 

120.0 

140.0 

160.0 

m,  - « 

No.  12     2  =  126.5 

30.2 
140.0 

30.1 

160.0 

29.9 
180.0 

(dJ-\      =    68.4 

Ut/v 

No.  22     t  =  150.3 

67.7 
160.0 

67.0 
180.0 

66.9 

No.  29     2  =  170.0 

133.2 
180.0 

131.2 

(*)    =  m* 

219.9 

The  change  in  slope  introduces  a  curvature  in  the  constant  volume 
lines,  so  slight  however,  that  it  can  scarcely  be  detected  in  the  figure. 
It  is  clear  that  the  slopes  deduced  from  (B)  agree  sufficiently  well  with 
the  observed  slopes. 

3.  Values  of  i>",  the  specific  volume  of  the  saturated  vapor,  as  cal- 
culated from  (B)  are  compared  with  values  calculated  from  Linde's  equa- 
tion.   The  following  table  shows  the  comparison : 

Table  6. 
Comparison  of  Specific  Volumes. 


Temp.  C. 

100 

110 

120 

130 

140 

150 

160 

170 

180 

v"  from  (B) .  .   .  . 
v",  Linde 

1.6738 
1.6740 

1.211 
1.211 

0.8926 
0.8922 

0.6692 
0.6690 

0.5095 
0.5091 

0.3923 
0.3921 

0.3075 
0.3073 

0.2431 
0.2430 

0.1943 
0.1943 

At  the  saturation  limit  the  two  formulas  give  practically  identical  values 
throughout  the  range  of  temperature  covered  by  the  experiments. 

4.  For  the  range  0°-100°  C.  and  for  temperatures  above  180° 
C.  there  arc  no  reliable  experimental  values  to  serve  as  a  check  of  the 
formula.  Eowever,  the  specific  volumes  of  the  saturated  vapor  given  in 
the  Marks  and   Davis  tables  may  be  accepted  as  fairly  accurate  as  they 
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were  calculated  by  means  of  the  Clapeyron  relation  from  values  of  the 
latent  heat  that  are  at  least  approximately  correct.  The  following  table 
shows  a  comparison  of  volumes  obtained  from  (B)  with  the  Marks  and 
Davis  values. 

Table  7. 
Comparison  of  Specific  Volumes. 


Temp.  F. 


v"  from  (B) 
v",  M.&D. 


32 


3296 
3294 


40 


2440 
2438 


80 


632.8 
632.8 


120 


203.2 
203.1 


77.28 
77.20 


200 


33.65 
33.60 


212 


26.81 
26.79 


240 


16.33 
16.32 


280 


320 


4.92 
4.91 


360 


2.964 
2.957 


400 


S72 


440 


1.220 
1.229 


480 


0.820 
0.81 


520 


0.562 
0.55 


560 


0.391 
0.39 


0.274 
0.27 


From  the  comparison  it  appears  that  formula  (B)  may  be  accepted, 
so  far  as  saturation  volumes  are  concerned,  for  the  entire  range 
32°-600°  F. 

5.  For  the  volumes  in  the  region  of  high  superheat  there  is  at 
present  no  check.  The  measurements  of  Knoblauch,  Linde,  and  Klebe 
reach  only  to  about  50°  C.  (120°  F.)  of  superheat.  The  extension  of 
any  formula  to  400°  or  500°  superheat  is  therefore  an  extrapolation, 
the  validity  of  which  is  uncertain.  On  account  of  the  character  of  the 
correction  term  in  Linde's  formula  (see  p.  26),  it  is  practically  certain 
that  at  high  superheat  Linde's  values  are  too  high.  Jakob1  in  the  course 
of  this  investigation  has  deduced  values  that  run  consistently  lower  than 
those  of  Linde  at  the  higher  superheats.  As  a  matter  of  interest  a  com- 
parison has  been  made  between  three  sets  of  values  for  three  different 
pressures,  1,  9  and  19  kg.  per  sq.  cm.  This  is  shown  in  the  following 
table : 

Table  8. 
Specific  Volumes  of  Superheated  Steam. 


p  =  10000  kg.  per  sq.  m. 

t   =            99.1        130       160  190  220        250  300 

ifrom(B) 1.7254      1.8777     2.0233  2.1675  2.3109  2.4536  2.6904 

iWLinde 1.7260      1.8783     2.0245  2.1695  2.3137  2.4571  2.6954 

/Jakob 1.7281      1.8789     2.0237  2.1674  2.3107  2  4535  2.6909 

P  =  90000 

t  =                                                            .174.6  190  220        250  300 

Ifrom(B) 0.2193  0.2293  0.2480  0.2659  0.2946 

v'hinde 0.2190  0.2293  0.2483  0.2665  0.2959 

/Jakob... 0.2195  0.2296  0.2479  0.2655  0.2939 

/>=  190000 

t=  208.9  220        250  300 

(from(B)  0.1068  0.1107  0.1208  0.1362 

WLinde 0.1068  0.1108  0.1213  0.1374 

/Jakob 01071  0.1113  0.1210  0.1359 

The  comparison  is  shown  graphically  in  Fig.  3.    The  ordinates  of  curve 
L  represent  the  difference  between  Linde's  values  and  the  values  given 

T.     Zeit.  des  Verein.  deutsch.  Ing.,  Vol.  56,  p.  1987. 
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Comparison  of  Specific  Volumes. 


by  eq.   (B).     Similarly,  curve  J  applies  to  Jakob's  values.     It  will  be 

seen  that,  in  general,  the  volumes  calculated  from  (B)  lie  near  Linde's 

volumes  at  the  saturation  limit,  but  approach  more  nearly  Jakob's  values 

with  increasing  superheat.    It  will  be  observed  that  the  curve  J  cuts  the 

base  line  (which  represents  formula  (B))  in  two  points  for  the  pressure 

of  1  kg.     If  the  superheat  is  carried  sufficiently  high  at  the  other  pres- 

sures,  a  second  intersection  will  likewise  be  obtained.     The  correction 

I cini  R  in  Linde's  equation  changes  sign  at  402°   C,  and  in  Jakob's 

system  the  change  of  sign  occurs  at  920°  C.    Hence  before  reaching  920° 

Jakob's  values  must  rise  above  those  calculated  from  (B). 

The  correction  term  in  eq.  (B)  does  not  change  sign  at  any  tempera- 

fcure.     It  approaches  zero  as  T  is  indefinitely  increased,  and  it  becomes 

BT 
negligible  compared  with  the  term  when  the  pressure  becomes  verv 

;; 

small.     In  these  two  limiting  cases,  therefore,  equation  (B)  merges  into 
the  equation 

p(v-c)  =BT. 

Evidently  the  form  of  equation  (B)  is  sueh  as  to  justify  extrapola- 
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tion  beyond  the  region  of  the  experiments;  and  it  is  probable  that  the 
values  of  v  calculated  from  this  equation  are  worthy  of  confidence  both 
at  the  saturation  limit  and  in  the  region  of  superheat. 

C.      SPECIFIC  HEAT  OF  SUPERHEATED  STEAM. 

21.  Experimental  Data. — The  experiments  on  specific  heat  may  be 
divided  into  groups  as  follows : 

1.  The  early  experiments  of  Kegnault  with  steam  at  atmospheric 
pressure  and  at  temperatures  relatively  close  to  saturation. 

2.  The  experiments  of  Mallard  and  Le  Chatelier,  Langen,  and 
Pier  at  very  high  temperatures. 

3.  The  experiments  of  Holborn  and  Henning  with  steam  at  atmo- 
spheric pressure  and  a  temperature  range  of  110o-1400°  C. 

4.  The  experiments  of  Grindley  and  Griessmann  using  the  throt- 
tling method. 

5.  Recent  direct  experiments  with  steam  at  various  pressures.  Of 
these,  the  experiments  of  Knoblauch  and  Jakob  and  of  Knoblauch  and 
Mollier  performed  in  the  Munich  laboratory  are  specially  noteworthy. 
Similar  experiments  have  been  made  by  Thomas. 

Regnault's  experiments  made  in  18621  indicated  a  constant  value 
of  cp  =  0.4805.  Davis2  has  recomputed  Regnault's  values  and  has  de- 
duced a  somewhat  smaller  value,  namely,  cp  =  0.4762.  For  the  pressure 
and  range  of  temperature  covered  in  the  experiment,  Regnault's  value 
agrees  well  with  the  results  of  recent  experiments. 

1.  Mem.  Inst,  de  France,  Vol.  26,  p.  167   (1862). 

2.  Proc.  Am.  Acad.,  Vol.  45,  p.  286  (1910). 
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Fig.  4.     Curves  of  Specific  Heat. 


34 


ILLINOIS  ENGINEERING  EXPERIMENT  STATION 


1 

\ 

\ 

'; 

\      • 

: 

\ 

\ 

• 

T 

« 

V 

•  \ 

•  \ 
l« 

•J 

i 

\ 

\ 

M 

• 

• 
i 

• 

\ 

1 

\ 

• 

1 

• 

• 

• 

• 

\ 

1 

1. 

• 

• 

\ 

i 

I 

1 

< 

3 
'. 
\ 

6 

H 

. 

1 

• 

/. 

| 

ft 

J 

y 

I 

• 
• 

J 

/ 

/ 

/ 

/ 

/ 

r 

• 

/ 

/_ 

/ 

/ 

/ 

'1' 
1  • 

/ 

r 

/ 

10    10    ' 
10   »    " 

0  6  ( 

10    <M    - 

l    10    w    w 
)   O   0    0 

L__L__I__ 

2          I 
?          1 

)    10  io 
)   p  0 

«   -  O 

10    «    10 

(5  b  o 

C 

J  S  -  o 

I  w  «o  a 

id  d  b 
i    i    i 

J)    «o 

!  t 

0    0 

Qt  —  'a  a>  o  t- 
b  0  b  o  o  b 

0 

0 
2    £L 

10    I 


Ui 


u 


XV3H        0UI03«dS 


W  3 

I3 

B 

Q 

B 


C/] 


GOODENOUGH — THERMAL   PROPERTIES   OF  STEAM  35 

The  high  temperature  experiments  noted  in  group  2  have  only  an 
indirect  bearing  on  the  present  investigation.  The  results  obtained  by 
the  different  investigators  are  discordant,  but  they  all  agree  in  showing 
a  marked  increase  of  specific  heat  with  rising  temperature.  In  Fig.  4 
the  straight  line  L  represents  the  linear  relation 
cp  =  0.439  +  0.000239* 
established  by  Langen,  curve  P  represents  Pier's  equation,  and  curve  H 
the  equation  given  by  Holborn  and  Henning. 

The  experiments  of  Holborn  and  Henning1  form  a  link  between 
the  high  temperature  experiments  of  group  2  and  the  experiments  of 
group  5.  These  measurements  indicate  values  of  cp  consistently  lower 
than  those  obtained  in  the  Munich  experiments.  While  considerable 
weight  must  be  attached  to  the  Holborn  and  Henning  experiments,  it 
seems  probable  that  preference  must  be  given  the  Knoblauch  and  Mollier 
measurements.  Callendar2  has  expressed  the  opinion  that  the  Holborn 
and  Henning  values  are  too  low  by  as  much  as  10  per  cent. 

The  efforts  of  Grindley  and  Griessmann  to  determine  cv  by  the 
method  of  throttling  were  futile,  and  the  results  obtained  by  them  are 
without  value. 

Of  the  direct  experiments,  preference  is  justly  given  to  those  of 
Knoblauch  and  Jakob3  and  Knoblauch  and  Mollier.4  The  latter  experi- 
ments supplement  and  extend  the  range  of  the  former.  A  third  set  of 
experiments  is  now  being  conducted,  and  preliminary  reports  indicate 
that  the  earlier  results  will  be  sustained.  The  results  reported  by 
Thomas5  are  of  value  indirectly  as  in  some  degree  corroborating  the 
Munich  experiments.  As  conclusively  shown  by  Davis,6  the  Thomas 
experiments  are  not  to  be  compared  with  the  Knoblauch  experiments  in 
point  of  accuracy. 

After  reviewing  all  the  experimental  evidence  one  must  be  convinced 
that  for  the  range  of  temperature  covered,  the  Knoblauch  and  Mollier 
measurements  should  be  accepted  without  modification.  They  are  there- 
fore used  in  the  present  investigation.  The  points  plotted  in  Fig.  5  are 
those  determined  by  Knoblauch  and  Mollier.  For  convenience  in  the 
identification  of  the  measurements  associated  with  the  four  pressures 
employed,  the  points  have  been  separated  into  four  groups. 


1.  Annalen  der  Physik,  Vol.  18,  p.  739   (1905);  Vol.  23,  p.  809  (1907). 

2.  Report  of  British  Assoc.  Committee  on  Gaseous  Explosions,  pp.  31,  32   (1908). 

3.  Mitteil.    iiber   Forschungsarbeit.   Vol.    35,   p.    109. 

4.  Zeit.   des  Ver.   deutsch.   Ing.,  Vol.   55,  p.   665   (1911). 

5.  Proc.  Am.  Soc.  Mech.  Engrs.,  Vol.  29,  p.  633   (1907). 

6.  Proc.  Am.  Acad,  of  Arts  and   Sciences,  Vol.   45,  pp.   269-272. 
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22.  Systems  of  Specific  Heat  Curves. — The  Knoblauch  and  Jakob 
experiments  showed  unmistakably  the  variation  of  specific  heat  with  both 
pressure  and  temperature.  At  constant  temperature,  an  increase  of  pres- 
sure resulted  in  an  increase  of  specific  heat;  and  at  constant  pressure  the 
value  of  cp  first  decreased  from  the  saturation  limit,  attained  a  minimum 
and  then  increased.  Knoblauch  and  Jakob  exhibited  the  variation  of  cp 
by  means  of  constant  pressure  curves  drawn  on  a  plane  with  cp  as 
ordinate  and  t  as  abscissa.  The  curves  were  so  drawn  as  to  represent  as 
closely  as  possible  the  experimental  points  and  by  a  doubtful  process  of 
extrapolation  the  pressures  were  carried  up  to  20  kg.  per  sq.  cm. 

Taking  the  Knoblauch  and  Jakob  curves  as  a  basis,  Davis  developed 
a  system  of  specific  heat  curves  (Marks  and  Davis,  Steam  Tables  and 
Diagrams,  p.  97)  from  which  the  properties  of  superheated  steam  were 
deduced.  Davis  modified  the  Knoblauch  curves  in  two  respects.  1.  Ac- 
cepting the  Holborn  and  Henning  measurements,  he  lowered  the  cv 
curve  for  atmospheric  pressure  so  that  it  would  join  the  Holborn  and 
Henning  curve.  In  the  light  of  the  Knoblauch  and  Mollier  results,  this 
modification  was  doubtless  a  mistake.  2.  The  Knoblauch  values  at  low 
pressures  near  the  saturation  limit  were  changed  so  as  to  bring  them 
more  nearly  in  accord  with  Eegnault's  value.  Davis  also  developed  a 
thermodynamic  relation  by  which  the  spacing  of  the  curves  could  be 
tested.    Denoting  by  /*  the  Joule-Thomson  coefficient,  the  relation  is 

Davis  had  already  investigated  the  Joule-Thomson  effect  for  steam1  and 
had  obtained  an  approximate  relation  between  /x  and  t.  By  means  of  the 
relations  fjL  =  f(t)  he  was  able  to  evaluate  the  integral  in  (12)  and  thus 
to  adjust  the  spacing  of  the  cp-curves. 

Another  system  of  cp-curves  has  been  worked  out  by  Jakob.2  The 
curves  were  adjusted  to  the  Knoblauch  and  Mollier  points,  from  Davis' 
relation  the  curve  for  cpo  (i.  e.,  p  =  0)  was  determined,  and  then  by  the 
same  relation  cp-curves  for  10,  12,  14,  16,  18,  and  20  kg.  per  sq.  cm. 
were  established.  Near  the  saturation  limit  the  Jakob  curves  agree  closely 
with  the  Davis  curves;  at  the  higher  superheats  the  increase  of  rp  with 
the  temperature  is  more  marked  in  the  Jakob  curves,  as  it  doubtless 
should  be. 


1     Proc.  Amer.  Acad,  of  Arts  and  Sciences,  Vol.  45,  p.   861. 
2.     Zeit.  des  Verein.  deutsch.  Ing.,  Vol.  56,  pp.  1931-3   (1912). 
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23.     Equation  for  Specific  Heat. — From  the  characteristic  equation 
v-c  =  —  -(1  +  dap*)  j^ 

the  second  derivative  required  in  the  Clausing  relation  is  obtained.    It  is 

„     mn  (n  +  1) 
(l  +  3ap*) 


/d2v  \ 


J»n  +  2 

Hence 


\  dp)T 


,  m   d2v        Amn  (n  -f  1)  , 


An  integration  with  21  constant  gives  an  expression  for  cp,  namely 

cp  =  ^(r)+  ^  +  1         p(l  +  2ap/2). 

The  arbitrary  function  /''(T)  is  evidently  cpo,  that  is,  the  specific  heat 
at  zero  pressure.  This  was  taken  as  a  constant  by  Callendar.  The  ex- 
periments of  Knoblauch  and  Mollier  show  that  cpo  cannot  be  constant, 
and  this  conclusion  is  confirmed  by  the  high-temperature  experiments  of 
Langen  and  others.    It  has  been  suggested  that  a  simple  linear  relation 

cpo  =  a  +  pT 
may  be  assumed,  and  this  assumption  was  made  in  the  writer's  earlier 
paper.    It  is  found,  however,  that  better  agreement  is  obtained  by  a  rela- 
tion of  the  form 

y 
Cpo  =  a  t  f$T  +  -j%  . 

Writing  the  equation  for  cp  in  the  form 

c,  =  F(T)+f(p,T) 
values  of  the  term  f(p,  T)  may  be  calculated  for  each  of  the  Knoblauch 
and  Mollier  experiments  and  by  subtraction  the  corresponding  values  of 
cV0  —  F(T)  are  found.  From  the  curve  through  these  points  the  con- 
stants a,  /?,  and  y  are  obtained.  The  equation  for  cp  finally  takes 
the  form 

e,  =  a  +  PT  +  ^  +  AmnTJ;l 1 1}   p  (1  +  2<)  (C) 

and  the  constants  are 

Metric  English 

a  =  0.320  0.320 

P  =  0.0002268  0.000126 

y  =  7371  23583 

The  constants  a,  m,  and  n  are  those  of  the  characteristic  equation.     (See 
p.  29.) 
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In  Fig.  5  the  curves  calculated  from  equation  (C)  are  shown.  The 
agreement  between  the  curves  and  experimental  points  is  sufficiently 
evident.  It  would  be  difficult  to  obtain  a  family  of  curves  connected  by 
a  relation  that  would  represent  more  accurately  the  groups  of  points. 

The  perfect  correlation  of  the  Munich  experiments  is  shown  by  a 
comparison  of  Figs.  2  and  5.  Equation  (B)  gives  the  curves  of  Fig.  2, 
equation  (C)  the  curves  of  Fig.  5.  The  equations  certainly  represent 
the  experimental  data  within  the  limits  of  accuracy  of  the  experiments, 
and  they  are  properly  connected  by  the  Clausius  relation.  The  difficulty 
of  making  the  correlation  lies  not  in  the  measurements  themselves, — 
tfiey  are  sufficiently  accurate — but  in  the  choice  of  a  proper  form  for 
the  characteristic  equation.  The  results  here  shown  amply  justify  the 
method  used  in  attacking  the  problem,  and  they  strongly  confirm  the 
validity  of  equation  (B). 

In  the  following  table  values  for  cp  for  various  temperatures  and 
pressures  are  given.  The  numbers  in  parentheses  are  the  corresponding 
values  deduced  by  Jakob  from  his  cp-curves : 

Table  9. 
Specific  Heat  of  Superheated  Steam. 


Pressure 

Temperature 

C 

sq.  cm. 

150 

200 

250 

300 

350 

400 

450 

500 

550 

0 

0.457 

0.460 

0.466 

0.473 

0.480 

0.489 

0.498 

0.508 

0.518 

(0.462) 

(0.465) 

(0.469) 

(0.474) 

(0.481) 

(0.489) 

(0.497) 

(0.505) 

(0.514) 

2 

0.490 

0.479 

0.477 

0.480 

0.485 

0.492 

0  500 

0.509 

0.519 

(0.486) 

(0.477) 

(0.477) 

(0.480) 

(0.485) 

(0.492) 

(0.500) 

(0.508) 

(0.516) 

4 

0.527 

0.498 

0.489 

0.487 

0.490 

0.496 

0.503 

0.511 

0.520 

(0.524) 

(0.494) 

(0.486) 

(0.486) 

(0.490) 

(0.496) 

(0.503) 

(0.510) 

(0.517) 

6 

0.522 

0.503 

0.496 

0.496 

0.500 

0.505 

0.513 

0.521 

(0.514) 

(0.495) 

(0.492) 

(0.494) 

(0.500) 

(0.506) 

(0.512) 

(0.518) 

8 

0.545 

0.517 

0.504 

0.502 

0.504 

0.508 

0.515 

0.523 

(0.538) 

(0.505) 

(0.498) 

(0.499) 

(0.503) 

(0.508) 

(0.514) 

(0.520) 

The  agreement  between  the  two  sets  of  values  is  remarkably  close; 
except  for  three  or  four  points  the  difference  is  well  within  one  per  cent. 
From  350°  to  500°  the  values  are  practically  identical,  but  above  500° 
the  specific  heats  calculated  from  the  equation  begin  to  rise  above  the 
values  found  by  Jakob,  while  these  in  turn  are  higher  than  the  Davis 
values.  The  question  of  the  proper  course  of  the  cp-curves  at  550°  is 
important  in  connection  with  the  cp  values  at  high  superheat.  The  only 
guide  in  settling  this  question  is  the  experimental  evidence  furnished 
by  the  high-temperature   experiments.     Referring  to  Fig.   4,  curve  F 


represents   the   function    F(T)=a  +  f3T 


T 


and   at   high   tempera- 
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tures  this  curve  is  practically  identical  with  the  specific  heat  curve,  since 
the  term  f(p,  T)  in  the  specific  heat  equation  becomes  vanishingly 
small.  It  will  be  seen  that  curve  F  is  in  good  agreement  with  the  other 
curves  between  500°  and  2000°  C.  If  Jakob's  curves  were  prolonged 
in  the  same  way,  they  would  merge  into  a  single  curve  lying  somewhat 
below  curve  F.  This  is  more  clearly  shown  in  Fig.  6,  in  which  various 
determinations  of  the  function  cpo  =  .F(T)  are  plotted.  Curve  H  rep- 
resents the  variation  of  cpo  assumed  by  Heck,  curve  A  represents  the  pre- 
ceding equation,  and  the  points  are  plotted  from  the  values'  of  cpo  given 


o.  &• 

A 

/yH 

O  54 

A         Cp.     FROM         EQ.(C) 

H       Heck 

C         CAtLEMDAR 

O.  52 

o    60 

0      Jakob 

A* 

o-4-B 

C 

\ 

^ #  - ->" 

ex*4 

A»s.Tcmr  F. 

Fig.  6.     Curves  of  Specific  Heat  (Cp)0. 

by  Jakob.  As  a  matter  of  interest  Callendar^s  constant  value  is  shown 
by  the  straight  line  C.  It  appears  that  the  three  curves  agree  quite  well. 
At  the  higher  temperatures  curves  A  and  H  are  almost  coincident,  but 
the  Jakob  points  show  a  tendency  to  run  low.  It  is  probable  that  equa- 
tion (C)  gives  fairly  good  values  of  Cp  up  to  about  2000°  C,  that  Heck's 
equation  may  safely  be  used  through  the  same  range,  but  that  Jakob's 
curves  if  prolonged  lie  somewhat  low  and  are  not  valid  above  1000°  C. 
At  the  lower  temperatures  Heck  and  Jakob  are  in  close  agreement, 
while  curve  A  shows  quite  a  different  course.    Experimental  evidence  in 
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this  region  is  entirely  lacking,  and  consequently  no  statement  can  be 
made  as  to  the  probable  relative  accuracy  of  the  two  curves. 

In  all  discussions  of  specific  heat  much  emphasis  has  been  laid  on 
the  values  of  cp  at  the  saturation  limit.  These  give  a  "saturation 
curve."  From  the  specific  heat  equation  (C)  values  of  (cp)sat  are  readily 
calculated  by  taking  for  p  and  t  corresponding  saturation  values.  Curve 
A,  Fig.  7,  is  the  curve  thus  derived.  Davis1  has  given  a  very  full  dis- 
cussion of  this  subject.  The  empirical  curves  of  Knoblauch  and  Jakob 
were  tested  by  Planck's  thermodvnamic  relation 

and  fair  agreement  was  shown.  Davis  therefore  accepted  the  Knoblauch 
values  of  (cp)sat  with  a  reservation.  Eegarding  the  tremendous  rise 
of  Knoblauch's  saturation  curve  at  even  moderately  high  temperatures  he 
says :  "It  is  probable  that  this  feature  of  Knoblauch's  curves,  although 
near  enough  the  truth  to  satisfy  the  present  needs  of  engineering  prac- 
tice, will  have  to  be  revised  later."  The  points  in  Fig.  7  represent  the 
values  of  (cp)sat  given  by  Davis. 

Jakob  arbitrarily  established  the  values  of  (cp)sat  for  four  pres- 
sures :  2,  4,  6,  and  8  kg.  per  sq.  cm.,  and  from  these  determined  the  con- 
stants in  the  assumed  formula.  8 

(cp)sat  =  0.455  +  2-10-20=-^r 

^k         -t  s 

in  which  Ts  denotes  the  saturation  temperature  and  Tk  the  critical 
temperature.  The  curve  thus  found  is  curve  J,  Fig.  7.  It  agrees  very 
closely  with  the  Davis  curve  but  runs  slightly  lower.  According  to 
Jakob's  formula  (cp)sat  becomes  infinite  at  the  critical  temperature. 

Curve  T,  Fig.  7,  represents  the  experiments  of  Thomas,  and  curve 
C,  the  saturation  values  of  cp  calculated  by  Callendar  from  purely 
theoretical  considerations. 

It  is  a  safe  conclusion  that  curve  A  is  nearer  the  truth  than  curve 
J  or  the  Davis  curve.  In  the  first  place,  the  values  represented  by  curve 
A  are  obtained  from  an  equation,  and  as  shown  in  Fig.  5,  this  equation 
represents  very  accurately  the  best  experimental  data.  The  equation 
automatically  extends  the  curves  from  the  region  of  the  experiments  to 
the  saturation  curve,  thus  obviating  a  doubtful  extrapolation  that  was 
necessary  in  laying  down  the  empirical  curves.  Again,  the  relation  of 
the  curves  to  the  experimental  points  exhibited  in  Fig.  5  indicates 
Accurate  spacing.     The  curves  show  no  tendency  to  run  high  or  low 

1.     Proc.  Am.  Acad.,  Vol.  45,  pp.  295-303. 
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with  increasing  pressure.  Hence  it  appears  probable  that  equation  (C) 
may  be  used  with  confidence  for  pressures  considerably  higher  than 
those  used  in  the  experiments.  At  any  rate,  there  is  no  reasonable  doubt 
that  the  cp-curve  for  a  pressure  of  20  at.  calculated  from  eq.  (C)  is 
likely  to  be  nearer  the  truth  than  the  corresponding  curve  obtained  by 
the  system  of  extrapolation  employed  by  Knoblauch  and  Jakob. 

It  should  be  observed  that  the  Davis  equation  for  spacing  the  curves 
(see  p.  36)  and  Planck's  thermodynamic  relation  are  both  automatically 
satisfied,  as  both  reduce  to  identities  when  applied  to  the  equations 
developed  in  this  investigation. 

While  Regnault's  measurements  of  cp  at  atmospheric  pressure  are 
not  to  be  considered  as  possessing  any  great  degree  of  precision,  some 
importance  may  be  attached  to  a  comparison  of  Regnault's  results  with 
the  corresponding  values  of  cp  calculated  from  equation  (C).  The  four 
series  of  experiments  covered  the  temperature  range  122.8 °-231.1°  C. 
The  mean  value  of  cp  given  by  Regnault  was  0.4805,  but  this  value  is 
lowered  to  0.4762  by  Davis.  All  experiments  were  conducted  at  atmos- 
pheric pressure.  The  following  table  gives  values  of  cp  at  atmospheric 
pressure  calculated  from  the  equation,  also  the  values  assigned  by  Jakob 
for  the  slightly  lower  pressure,  1  kg.  per  sq.  cm. 

Table  10. 
Specific  Heat  at  Atmospheric  Pressure. 


Temp.  C 

100 

150 

200 

250 

300 

350 

400 

From  Eq.  (C) 

Jakob 

0.489 
0.482 

0.474 
0.473 

0.470 
0.471 

0.472 
0.473 

0.476 
0.477 

0.483 
0.483 

0.491 
0.490 

The  mean  cp  deduced  from  the  equation  agrees  very  well  with  the  re- 
computed value  0.4762,  and  the  Regnault  experiments  therefore 
strengthen  the  evidence  in  favor  of  the  specific  heat  equations. 

D.   TOTAL  HEAT,  LATENT  BEAT,  HEAT  OF  LIQUID. 

21.  Equation  for  Heat  Content. — From  the  characteristic  equation 
and  the  equation  for  specific  heat  an  expression  for  the  heat  content  is 
readily  deduced.     In  the  general  equation 

di  =  c,dT-A  [^(^r)  -v"\dp 

we  introduce  the  expression  for  cp  given  by  eq.  (C)  and  the  expression 

for  the  derivative  (  -—  J  obtained  from  the  characteristic  equation, 
namely  p 
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The  result  of  the  substitutions  is  the  equation 


di  =  \  a 


+  {3T 


y       Amn  (n  +  1) 


/T»2 


Jn  +  1 


p(l  +  2ap*)  \dT 


»)} 


$^(1  +  **)-']**. 


which  upon  integration  gives  the  following  equation  for  the  heat  content 

i  =  aT  +  tfT>-   ±-Am  y  1]  p  (1  +  2ap*)  +  Acp  +  i0.    (D) 

The  constant  i0  is  determined  as  follows.  Corresponding  saturation 
values  of  p  and  t  at  some  definite  temperature,  say  212°,  are  substituted 
in  the  equation,  which  for  this  purpose  may  be  written 

tat  =  <f>  (p,  T)  +  i0. 

The  function  <f>  (p,  T)  is  thus  calculated,  and  tsat  being  known,  t0  is 
found  by  subtraction. 

Since  the  constant  c  is  taken  as  the  liquid  volume  vT,  the  term  Acp 
is  Apv',  which  (see  p.  6)  is  the  small  difference  between  the  heat  content 
i"  and  the  total  heat  q".  Hence,  when  applied  at  the  saturation  limit, 
equation  (D)  gives  i"  and  the  same  equation  with  the  term  Acp  omitted 
gives  q" '. 

25.  Tests  of  the  i-equation. — Three  tests  may  be  applied  to  the 
equation  (D)  for  heat  content.  Two  of  these  apply  at  the  saturation 
limit,  the  third  in  the  region  of  superheat. 

1.  Values  of  tsat  calculated  from  equation  (D)  are  compared  with 
values  obtained  independently  by  other  means.  The  following  table  shows 
a  comparison  with  the  Marks  and  Davis  values  for  i: 

Table  11. 
Heat  Content  of  Saturated  Steam. 


Temp. 

i" 

Temp. 
F. 

i" 

Temp. 
F. 

f 

F. 

Eq.  (D) 

M.  &  D. 

Eq.  (D) 

M.  &  D. 

Eq.  (D) 

M.  &  D. 

32 
40 
80 
120 
160 
200 

1072.83 
1076.64 
1095.30 
1113.34 
1130.64 
1146.94 

1073.4 
1076.9 
1094.8 
1112.3 
1129.5 
1145.8 

212 
240 
280 
320 
360 
400 

1151.58 
1161.90 
1175.15 
1186.30 
1194.86 
1200.37 

1150.4 
1160.4 
1173.3 
1184.4 
1193.7 
1201.3 

440 
480 
520 
560 
600 

1202  33 
1200.43 
1194.02 
1182.76 
1166. 

1207.1 

1210 

1207 

1196 

1176 
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Fig.  8.     Comparison  of  i"-CuRYE  from  Eq.  (D)  with  Points  Deduced  from  the 
Throttling  Experiments. 

The  considerable  discrepancy  above  400°  has  no  significance,  for  in 
this  range  Davis  makes  no  claim  for  the  accuracy  of  the  M.  and  D. 
values.  The  effective  test  is  furnished  by  a  comparison  of  the  two  sets 
of  values  within  the  range  212° — 400°,  where  the  Davis  formula  for 
heat  content  is  surely  valid.  The  comparison  is  shown  graphically  in 
Fig.  8.  The  points  are  those  determined  by  Davis  from  the  throttling 
experiments  of  Grindley,  Greissmann  and  Peake,  and  they  are  plotted 
from  the  data  given  in  Table  1  of  Davis'  paper.1    The  ordinates  represent 
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the  difference  between  the  i  at  the  given  temperature  t  and  the  i  at  212°. 
The  curve  therefore  represents  the  equation 

where  i"  is  calculated  from  the  formula  and  i" '212  —  1151.58.  The  curve 
does  not  fit  the  points  quite  as  well  as  the  Davis  second-degree  curve, 
but  the  agreement  is  satisfactory,  and  is  probably  well  within  the  limits 
of  accuracy  of  the  throttling  experiments.  Beyond  the  last  point  the 
curve  begins  to  bend  downward  rather  sharply  and  thus  diverge  from 
the  prolonged  Davis  curve.  The  maximum  value  of  i"  is  reached  at 
about  440°,  the  Davis  equation  gives  the  maximum  at  about  550°,  and 
in  the  Marks  and  Davis  tables  the  maximum  occurs  at  480°. 

2.  The  Clapeyron-Clausius  relation  furnishes  a  valuable  test  within 
the  range  32°  —  212°  (see  p.  7).  The  discussion  of  this  point  is  given 
in  another  section. 

3.  In  the  region  of  superheat  the  heat  content  formula  may  be 
checked  by  the  throttling  experiments  of  Grindley,  Griessmann  and 
Peake.  According  to  the  principles  of  thermodynamics  a  throttling 
process  is  also  a  constant-t  process.  That  is,  the  points  obtained  in  any 
particular  throttling  experiment  when  plotted  on  the  p,  t  plane  should 
lie  on  a  curve  i  =  const. 

In  Fig.  9  the  points  are  plotted  from  the  experiments  of  Peake  and 
Grindley,  and  constant-i  curves  calculated  from  eq.  (D)  are  superposed. 
The  general  agreement  is  satisfactory,  especially  at  the  lower  pressures. 
At  the  highest  pressures  Peake's  highest  curve  has  a  smaller  slope  than 
the  curve  for  i  =  1200  and  intersects  it.  It  will  be  observed,  however, 
that  the  curve  has  the  slope  indicated  by  Peake's  points  near  saturation 
and  the  slope  indicated  by  Grindley's  points  at  some  distance  from  the 
saturation  limit. 

The  divergence  of  the  curves  from  Peake's  points  naturally  suggests 
the  possibility  that  the  curves  run  too  low  at  the  higher  superheats.  If 
this  were  the  case,  values  of  i  calculated  from  equation  (D)  would  be 
somewhat  greater  than  the  true  values.  Some  light  is  thrown  on  this 
point  by  the  series  of  throttling  experiments  made  by  Dodge.1  In  these 
experiments  the  steam  was  initially  highly  superheated,  and  the  initial 
pressure  was  about  300  lbs.  per  sq.  in.  gauge.  The  points  of  14  tests 
are  shown  in  Fig.  10;  these  were  taken  directly  from  Davis'2  discussion 
of  the  throttling  experiments.    Through  each  group  of  high-side  points 


1.  Tour.  A.  S.  M.  E.,  Vol.  28,  p.  1265  (1907);  Vol.  30,  p.  1227  (1908). 

2.  Proc.  Am.  Acad.,  Vol.  45,  p.  253-257. 
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a  constant-i  curve  has  been  drawn.  It  will  be  seen  that  the  curves  agree 
fairly  well  with  the  points  and  at  the  higher  superheats  have  the  slopes 
indicated  by  general  trend  of  the  points.  The  marked  drop  from 
the  initial  point  to  the  first  of  the  low-side  points  is  a  phenomenon  that 
is  difficult  to  explain.  In  this  connection  Davis  says :  "It  will  be  noticed 
that  in  every  case  a  smooth  curve  through  the  low  side  points  runs  con- 
siderably below  the  correspond ing  high  side  points,  just  as  did  Grindley's 


.    soo 


340 

q  4.0  SO  120  160  200  2  40  280  320  36 

Pressure . 
Fig.  10.    Comparison    of    Constant^    Curves    with    Points    from    Dodge's 
Throttling  Experiments'. 

curves.  In  Grindley's  case  this  was  because  the  entering  steam  carried 
water  in  suspension,  the  presence  of  which  made  the  true  total  heat 
of  the  incoming  mixture  less  than  its  apparent  total  heat  regarded  as 
homogeneous  saturated  steam,  and  dropped  all  the  low  side  points  onto 
throttling  curves  lower  than  those  on  which  they  apparently  belonged. 
A  similar  phenomenon  may  be  in  evidence  in  Dodge's  case,  for  although 
the  incoming  steam  was  superheated,  it  may  still  have  been  carrying  in 
suspension  a  part  of  the  water  which  had  been  sprayed  into  it  for  tem- 
perature regulation  just  before  it  reached  the  high-side  chamber.  It 
must,  however,  be  admitted  that  if  this  explanation  is  to  account  for 
the  whole  of  the  discrepancy  in  Dodge's  results,  an  extraordinarily  large 


4:8  ILLINOIS   ENGINEERING   EXPERIMENT  STATION 

amount  of  water  in  suspension  must  have  reached  the  high-side  chamber 
— from  one  to  one  and  a  half  per  cent  of  the  whole  weight  present.  It 
is  therefore  probable  that  there  is  another  source  of  error  not  yet 
discovered/' 

At  the  high  superheats  employed  by  Dodge  it  appears  unlikely  that 
such  an  amount  of  water  could  have  been  present,  and  it  is  probable 
that  all  the  throttling  experiments  were  vitiated  to  some  extent  by 
systematic  errors.  A  probable  source  of  error  was  the  use  of  mercury 
thermometers.  It  has  been  shown  quite  conclusively  that  a  mercury 
thermometer  is  not  a  good  instrument  for  measuring  temperatures  in  a 
current  of  superheated  steam.  If  the  throttling  experiments  could  be 
repeated  with  the  same  precautions  as  have  been  observed  in  the  other 
experiments  on  thermal  properties,  the  results  would  have  great  value. 

Bearing  in  mind  the  probable  lack  of  precision  in  the  sets  of 
throttling  experiments,  it  may  be  concluded  that  these  experiments,  on 
the  whole,  sustain  the  validity  of  the  proposed  heat  content  equation  in 
the  region  of  superheat. 

A  comparison  of  various  values  of  the  heat  content  i  in  the  region 
of  superheat  is  shown  in  Fig.  11,  which  was  suggested  by  Fig.  21  of 
Heck's  paper.  The  full  lines  represent  equation  (D),  the  dash  lines 
represent  Heck's  new  equation,  and  the  points  represent  values  given  in 
the  Marks  and  Davis  tables.  It  is  significant  that  the  two  equations 
deduced  from  entirely  different  bases  should  agree  so  closely. 

26.  Specific  Heat  of  Water.  Heat  of  Liquid. — For  the  temperature 
range  32°-212°  F.  (0°-100°  C.)  there  are  available  five  sets  of  ex- 
periments on  the  variation  of  the  specific  heat  of  water  with  the  tem- 
perature. The  curves  that  represent  the  results  of  these  experiments  are 
separable  into  two  groups  having  quite  different  characteristics.  Ludin1 
working  with  the  method  of  mixtures  obtained  a  curve  which  shows  a 
minimum  value  of  c'  at  about  20°  C,  then  a  rapid  rise  to  a  maximum 
at  87°  C.  (See  Marks  and  Davis  Steam  Tables,  Fig.  1,  p.  S8).  The 
curves  obtained  by  Dieterici2  and  Barnes3  are  similar  in  character ;  each 
shows  a  decrease  of  c  to  a  well  defined  minimum  then  a  steady  rise 
without  any  suggestion  of  a  maximum.  The  experiments  of  Begnault 
and  Dieterici  above  100°  C.  show  a  Bteady  rise  of  the  specific  heat  with 
the  temperature;  hence  if  Ludin's  curve  be  accepted,  the  specific  heat 
after  reaching  its  maximum  at  87°   must   diminish  and  then  increase 


1.  InaviR.   Diss.  Zurich,  1*95. 

2.  Annalen  der   Phvsik   (4),   Vol.    10.   pp.   598-620    (1905). 

3.  Phil.  Trans.,   Vol.   199-A,   pp.   56-148,    110-263    (1902). 


GOODENOUGH — THERMAL    PROPERTIES    OE    STEAM 


49 


1540 

■ 

■ 

9 

IOOO" 

/' 

1340 

I 

1 

l> 

o 

II 

i 

i 

» 

I 

1 

6  00' 

I300 

h 

5 

£     1280 

0 

0 

h 

<     1260 

y 

I 

1240 
f220 
'200 

H80 

( 

1 

1 

> """""--^^^ 

< 

►                   — „, 

i 

< 

r**"*»«^- 

^^ 

i"*'^,'^ 

■""^^^    1 

* 

>^"^^^^^ 

400* 

—"     ♦         i 

^U    300* 

>v^ 

> 

1 

1 

50  IOO  150  200 

Pressure. 


2  50  30O 


Fig.  11.     Isothermal  Curves  on  the  ip-plane. 
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again.  It  is  difficult  to  account  for  such  a  variation  on  any  rational 
basis,  and  on  the  score  of  intrinsic  probability,  the  curves  of  Barnes  and 
Dieterici  should  be  preferred  to  Ludin's  curve.  Davis1  attached  no  weight 
whatever  to  Ludin's  values  and  adopted  a  curve  lying  between  those  of 
Barnes  and  Dieterici,  with  Barnes'  values  given  double  weight.  However, 
the  question  is  again  complicated  by  the  experiments  of  W.  R.  and  W.  E. 
Bousfield2  which  reproduce  Ludin's  results,  although  the  method  em- 
ployed (electric  heating  with  a  vacuum- jacket  calorimeter)  was  entirely 
different  from  Ludin's  method  of  mixtures.  Callendar3  has  undertaken 
to  throw  light  on  the  subject  by  a  set  of  experiments  in  which  a  new 
and  very  accurate  method  is  employed.  Callendar's  paper  contains  an 
exhaustive  and  valuable  discussion  of  the  whole  subject. 

The  methods  used  by  Barnes  and  Callendar,  respectively,  have  the 
marked  advantage  of  being  continuous.  In  the  Barnes  experiments  a 
steady  current  of  water  was  heated  through  a  small  range  of  temperature 
by  an  electric  current,  and  the  result  obtained  was  therefore  the  actual 
specific  heat  at  a  pre-determined  temperature  rather  than  the  mean 
specific  heat  over  a  considerable  range.  Callendar  used  a  continuous- 
mixture  method  in  which  two  steady  currents  of  water  at  different 
temperatures  are  passed  through  a  system  of  concentric  tubes  which 
constitute  a  heat  exchanger.  The  continuous  flow  methods  have  obvious 
advantages  over  other  methods.  The  water  equivalent  of  the  calorimeter 
is  not  required,  and  various  corrections  that  involve  uncertain  measure- 
ments are  eliminated. 

The  results  of  Callendar's  experiments  by  the  continuous-mixture 
method  completely  verify  the  earlier  experiments  of  Barnes  by  the  con- 
tinuous-electric method.  As  these  two  independent  methods  are  much 
superior  to  the  other  methods  used  and  give  identical  results,  there  can 
be  no  question  that  these  results  should  be  accepted. 

Taking  the  specific  heat  of  water  at  20°  C.  as  unity,  Callendar  gives 
the  following  equation  for  the  variation  of  the  specific  heat  with  tempera- 
ture 

0.504  t  (   t    \2 

c'  =  0.98536  +  — : +  0.0084 +  0.0090  ( ) 

*  +  20  100  \100/' 

From  the  specific  heat  c'  the  heat  content  %  of  the  liquid  is  derived  by 
the  relation 

t'=  fc'dt. 

1.  Steam  Tables  and   Diagrams,   p.   SO. 

2.  Phil.  Trans.,  Vol.   211-A,   pp.   199-251    (1911). 

3.  Phil.  Trans.,  Vol.  212  A,  pp.  1-32   (1918). 
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After  changing  from  C.  to  F.  temperatures  and  applying  a  factor  to 
reduce  from  the  20° -calorie  to  the  mean  calorie,  the  equation  for  i' 
becomes 

(/ 32' \  2 
— —  J. 


+ 


0.092451 )  -34.73. 

\    100    / 


Between  32°  and  212°  this  equation  gives  values  that  agree  very  closely 
with  the  Marks  and  Davis  values,  as  shown  by  the  following  table. 

Table  12. 
Heat  Content  of  Liquid,  32°-212°  F. 


Temp.  F. 

40 

80 

120 

160 

200 

212 

240 

Callendar 

M.  &D 

8.05 
8.05 

48.05 
48.03 

87.94 
87.91 

127.87 
127.86 

167.94 
167.94 

180 
180 

208.2 
208.3 

For  temperatures  above  212°,  two  sets'  of  experiments  are  available, 
Regnault's  and  Dietericr's,  neither  of  which  can  be  accepted  as  thoroughly 
reliable.  Eegnault's  results  have  been  recomputed  by  various  investi- 
gators. In  Fig.  12,  six  mean  values  deduced  from  Callendar's  computa- 
tion are  shown.    The  ordinates  in  this  figure  represent  values  of 

Ai'  =  i'—  (t  —  32), 
that  is,  the  excess  of  the  heat  content  over  t  —  32,  the  temperature  range. 
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Fig.  12.     Heat  Content  of  Water,  212°-400°  F. 
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Abscissas  are  temperatures  F.  In  the  same  figure  are  shown  five  points 
obtained  by  Dieterici,  and  in  Fi#.  13,  the  temperature  range  is  extended 
and  all  of  Dieterici's  points  arc  plotted.  The  curve  D,  Fig.  12,  repre- 
sents the  equation  adopted  by  Dieterici  and  curve  0  represents  Callendar's 
equation  extended  beyond  212°. 


| .^______ 8 

o  s^ 

s      ^^ 

o     ^^^ 

fc-=^ — **»-"• — 


400 

Temp.  F. 


Fig.  13.    Heat  Content  of  Water,  212°-600°  F. 

Callendar  questions  the  accuracy  of  Dieterici's  experiments  and  gives 
preference  to  his  equation  extrapolated  through  the  range  100°  —  200° 
C.  It  is  probable  that  Dieterici's  points  are  considerably  in  error,  as 
the  method  of  the  experiments  involved  large  corrections,  and  it  is  also 
probable  that  Begnault's  points  are  no  more  reliable.  However,  there 
seems  to  be  no  valid  reason  for  choosing  a  curve,  like  curve  C,  lying 
below  both  sets  of  point?. 

27.     Latent  Heat  of  Saturated  Steam. — The  Clapeyron  relation 


A  (v" 


dp 


gives  a  means  of  calculating  the  latent  heat.     It  is  convenient  to  write 
the  equation  in  the  form 


r  =  Ap  (v"  —  v') 


T   dp 


p   dT 

in  which  the  second  member  is  made  up  of  two  factors.     From  the  char- 
acteristic equation,  the  first  is  expressed  by 

in 
Ap  {v"  -  v')  =  ABT  -  Ap  (1  +  Sap*)  -^  • 
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Upon  differentiating  equation  (A)  connecting  the  pressure  and  tempera- 
ture of  saturated  steam,  namely 

B 


logp  =  A—  y 


C\ogT-DT  +  ET2- 

the  second  factor  is  obtained  in  the  form 

T  dp  f  B  tf  A 


=  2.3026 


[I- 


DT  +  2ET2 


dt 


p  dT 

For  the  range  32°  —  212°,  within  which  the  heat  of  the  liquid  is 
given  accurately  by  the  experiments  of  Barnes  and  Callendar,  a  second 
independent  method  of  calculating  the  latent  heat  is  available.  Satura- 
tion values  of  i  are  calculated  from  the  formula  for  heat  content  and 
from  these  are  subtracted  the  corresponding  known  values  of  the  heat 
of  the  liquid.  The  difference  gives,  of  course,  the  latent  heat.  The 
following  table  gives  values  of  r  obtained  by  the  two  methods,  and  for 
comparison  the  Marks  and  Davis  values  are  included. 

Table  13. 
Latent  Heat,  32°-212°  F. 


Temp.  F. 

32 

40 

80 

120 

160 

200 

212 

*"  from'  Eq.  (D) 

1072.83 

0 
1072.83 
1072.19 
1073.4 

1076.64 
8.05 
1068.59 
1067.96 
1068.9 

1095.30 
48.05 
1047.25 
1046.81 
1046.7 

1113.34 
87.94 
1025.40 
1025.11 
1024.4 

1130.64 

127.87 
1002.77 
1002.62 
1001.6 

1146.94 
167.94 
979.00 
978.97 
977.8 

1151  58 

180  00 

971.58 

r  by  Clapeyron  relation 

971.58 
970.4 

Above  212°  the  heat  of  the  liquid  is  so  uncertain  that  the  method 
of  determining  r  by  subtraction  is  hardly  justified.  Hence  values  of  r 
are  calculated  from  the  Clapeyron  relation,  and  subtracted  from  corre- 
sponding values  of  t".  The  result  is  a  set  of  values  of  i'  that  may  be 
compared  with  the  Eegnault  and  Dieterici  experimental  values.  The 
following  table  exhibits  the  details  of  the  calculation. 

Table  14. 
Latent  Heat  and  Heat  of  Liquid,  212°-600°  F. 


Temp.  F. 

212 

240 

280 

320 

360 

400 

440 

480 

520 

560 

600 

*"fromEq.  (D)...    . 
r  from  Clap.  rel.    ... 
«'  by  subtraction. . . . 
r  Marks  &  Davis  . . . 

i'    "        ■     u     ... 

1151.58 
971.58 
180 
970.4 
180 

1161.90 
953.73 
208.17 
952.1 
208.3 

1175.15 
926.42 
248.73 
924.3 
249.0 

1186.30 
896.51 
289.79 
894.2 
290.2 

1194.86 
863.45 
331.41 
861.8 
331.9 

1200.37 
826.66 
373.71 
827.2 
374.1 

1202.33 
785.60 
416.73 
790.1 
417 

1200.43 
739.64 
460.79 
748 
462 

1194.02 
687.96 
506.06 
700 
507 

1182.76 
629.55 
553.21 
642 
554 

1166.00 
563.06 
602.93 
572 
604 
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Beferring  to  the  first  of  the  preceding  tables,  the  close  agreement 
of  the  two  sets  of  values  of  r  may  be  noted.  The  greatest  difference, 
which  occurs  at  32°-40°  is  about  6  in  10  000.  This  agreement  is 
a  decisive  test  of  the  validity  of  the  analysis.  The  two  sets  of  numbers 
are  obtained  independently,  one  from  the  characteristic  equation,  the 
other  from  the  heat-content  equation,  and  the  agreement  between  the 
two  shows  the  satisfaction  of  the  Clapeyron  relation.  Of  the  two  sets 
the  one  obtained  from  the  heat-content  equation  should  be  chosen,  rather 
than  the  set  derived  by  means  of  the  Clapeyron  relation.  The  reason 
for  this  lies  in  the  slight  uncertainty  in  the  exact  value  of  the  derivative 

-^-at  low  temperatures.     It  was  shown  in  connection  with  Fig.  1  that 

the  course  of  the  Scheel  and  Heuse  points  indicates  that  the  true  value 
of  this  derivative  at  32°  is  probably  slightly  greater  than  the  value 
obtained  from  either  of  the  three  formulas.  The  slightly  lower  values 
of  r  calculated  from  the  Clapeyron  relation  in  the  range  of  32°  —  80° 
may  be  ascribed,  therefore,  to  a  small  error  in  the  derivative. 

For  the  range  212°-600°  the  important  result  is  the  set  of  values 
of  i',  heat  of  the  liquid.  The  fairly  close  agreement  of  these  values  with 
the  Marks  and  Davis  values  will  be  observed.  The  latter  numbers  were 
calculated  from  the  Dieterici  formula.  In  Fig.  12  curve  F  represents 
the  new  set  of  values  for  the  range  212°-400°  F.,  and  in  Fig.  13  the 
curve  is  extended  to  600°  F.  The  curve  lies  between  Dieterici's  curve 
and  Calendar's  extrapolated  curve  and  represents  very  well  the  Regnault 
experiments  as  interpreted  by  Callendar.  Above  400°  the  curve  runs 
from  1  to  3  B.  t.  u.  lower  than  the  Dieterici  points,  a  deviation  of  0.2 
to  0.6  per  cent.  Dieterici  admits  a  possible  error  of  0.3  to  0.5  per  cent 
in  the  experiments  to  determine  the  mean  specific  heat  cm  and  a  further 
error  in  the  reduction  of  cm  to  the  actual  specific  heat.  It  is  likely  that 
a  possible  error  of  at  least  1  per  cent  may  be  attached  to  Dieterici's  points ; 
hence  if  the  points  are  too  high,  as  is  indicated  by  Eegnault's  experiments 
and  Calendar's  extrapolated  formula,  the  curve  probably  represents  the 
true  values  fairly  well. 

28.  Experiments  on  Latent  Heat. — The  values  of  the  latent  heat  r 
given  in  'Table  13  may  be  compared  with  direct  experiments  within 
the  range  32°-212°.  For  this  purpose  four  sets  of  experiments  are 
available,  those  of  Dieterici,1   Griffiths,2  Smith/  and  Henning."     The 

1.  Annalen  der  Physik,  Vol.   37,   pp.   494-508   (1889). 

2.  Phil.  Trans.,  Vol  186-A,  pp.  261-341   (1895). 

3.  Phys.    Review,   Vol.    25,   pp.    145-170    (1907). 

4.  Annalen    der    Physik    (4),    Vol.    21,    pp.    849-878    (1906). 
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following  table  gives  the  results  of  these  experiments  expressed  in  a 
common  unit,  the  mean  B.  t.  u. 


Table  15. 

Experimental  Determinations 

of  Latent 

Heat. 

Latent  Heat 

Temp.  F. 

B.  t.  u. 

Dieterici    

32 

1072.9 

Griffiths    

86 

1045.1 

104.3 

1034.1 

Smith    

.       57.1 

1061.6 

70.1 

1054.5 

82.5 

1047.6 

103.6 

1035.0 

Henning     

.       86.2 

1043.2 

120.5 

1026.2 

148.7 

1008.0 

171.2 

995.4 

'     192.7 

983.3 

213.1 

969.8 

■   Dieter 

•  Griff 
o    Henn 

•  Sm  ith 

ICI  . 

THS 
NG 

i  . . 

\ 

IOO 

Temp.  F, 


Fig.  14.    Comparison  of  Curve  for  Latent  Heat  with  Experimental  Values. 

In  Fig.  14  these  results  are  shown  by  the  plotted  points  and  the 
curve  represents  the  variation  of  r  according  to  the  heat-content  equation. 


56  ILLINOIS   ENGINEERING   EXPERIMENT  STATION 

The  agreement  is  satisfactory,  though  Smith's  points  would  indicate  that 
the  calculated  values  may  be  slightly  low. 

Special  interest  attaches  to  the  value  of  r  at  212°  F.  For  years 
Regnault's  number  966  B.  t.  u.  was  universally  accepted.  Callendar  in 
his  1900  paper  had  the  courage  to  raise  this  value  to  972,  which  is  almost 
precisely  the  value  that  is  now  considered  most  probable.  Davis  made 
use  of  the  experiments  of  Henning  and  Joly  at  212°  and  set  the  value 
of  r  at  970.4  B.  t.  u.  Smith's  recent  experiments1  on  slow  vaporization  of 
water  under  atmospheric  pressure  indicate  a  value  higher  than  any  yet 
assumed,  and  Dr.  Davis  in  a  communication  to  the  writer  expresses  the 
opinion  that  the  number  should  be  at  least  972.  Heck  uses  the  value 
971.2,  Mollier  uses  971.4.  The  present  investigation  leads  to  the  value 
971.6,  which  is  probably  quite  close  to  the  truth,  though  if  anything 
slightly  low. 

29.  Entropy. — An  expression  for  the  entropy  of  superheated  steam 
is  readily  obtained  from  the  fundamental  equation, 


Dividing  by  T, 


dq  =  cJT-AT(^)  dp. 


ds  =  T=c*d-T-A{lk)?p- 


From  the  characteristic  equation 

(dv  \        B  mn 

Introducing  this  and  the  expression  for  cp  in  the  preceding  equation,  the 

result  is 

fo     ,    n  ,    y        Amn  (n  +  1)      ,.   .  ft     UN  "I  Jm      AB 
ds=\—  +  fi+-jL  +  —T;±ri Lpil  +  2ap*)jdT-—dp 

-^(i+3ap*)<fP.      in      ;e 

The  integration  of  this  exact  differential  equation  gives  the  following 
equation  for  the  entropy 

s  =  a\og,T  +  pT-il.-AB\og,p-¥n-1p(l  +  2ap«)+s0.  (E) 

The  constant  sQ  is  found  by  applying  the  equation  at  the  saturation 
limit.    The  value  thus  determined  is  s0  =  0.08085. 
;  i  i 

1.     Physical  Review,   Vol.   33,   p.   1S3    (1911). 


GOODENOUGH — THERMAL    PROPERTIES    OF    STEAM 


57 


For  the  range  320-212°,  within  which  Calendar's  formula  for 
the  heat  of  the  liquid  is  surely  applicable,  there  are  available  two  inde- 
pendent methods  of  calculating  the  entropy  of  saturated  steam.  1.  The 
entropy  of  the  liquid  5'  is  determined  by  the  integration  of  Callendar's 

v 

equation  for  i'  and  the  entropy  of  vaporization—  is  added.  2.  Corre- 
sponding saturation  values  of  p  and  T  are  substituted  directly  in  the 
preceding  formula  for  s.  The  two  methods  should  give  substantially 
identical  results. 

Above  212°  the  entropy  s"  of  saturated  steam  is  calculated  from 
formula  (E)  and  the  entropy  of  the  liquid  s'  is  obtained  by  the  relation 

s=s"-    ~. 

Integration  of  Callendar's  i'-equation  gives  the  following  formula 
for  sr : 

s'  =  2.3623  log  T  +  0.0045775  log  (t  +  4)  -  0.00022609  T 
+  0.000  000  13867  T2  -  6.28787. 
The  following  table  shows  the  results  of  the  calculation,  the  Marks  and 
Davis  values  being  included  for  comparison. 

Table  16. 
Entropy  of  Liquid  and  Saturated  Vapor,  32°-212°  F. 


Temp.  F. 


s'  from  Callendar  Eq . 

r 

T     


y+~ 


s"  from  Eq.  (E) 
Marks  &  Davis 


32 


0. 
2.1823 

2.1823 
2.1822 

0. 

2.1832 

2.1832 


40 


0.0163 
2.1389 

2.1552 
2.1550 

0.0162 
2.1394 
2.1556 


0.0933 
1  9408 

2.0341 
2.0340 

0.0932 
1.9398 
2.0330 


120 


0.1646 
1.7692 

1.9338 
1.9338 

0.1645 
1.7674 
1.9319 


160 


0.2312 
1.6184 

1.8496 
1.8497 

0.2311 
1.6165 
1.8476 


200 


0.2939 
1.4842 

1.7781 

1.7782 

0.2937 
1.4824 
1.7761 


212 


0.3120 
1.4467 

1.7587 
1.7587 

0.3118 
1.4447 
1 . 7565 


30.     Intrinsic  Energy. — From  the  defining  equation 

i  =  A  (u  +  pv) 

the  energy  u  in  thermal  units  is  readily  obtained  by  subtraction ;  thus 

u  =  i  —  Apv 

Combination  of  equations  (B)   and   (D)   gives  therefore  the  following 

explicit  expression  .  ft        H        x 

y         Amnp  /      ,  2n—  1     „\  ,    .       ,._,. 
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E.      JOULE-THOMSON  EFFECT. 

31.  The  Joule-Thomson  Coefficient. — The  ratio  of  the  drop  in 
temperature  to  the  decrease  of  pressure  when  a  fluid  is  subjected  to  a 
throttling  process  is  the  Joule-Thomson  coefficient  /*.  Since  in  such  a 
process  the  heat  content  i  is  constant,  the  value  of  /x  is  given  by  the 

■jrp 

derivative  -= —  evaluated  under  the  condition  that  i  is  constant;  that  is 
dp 

=  (-) 

*      \^/I  =  con6t 
It  follows,  therefore,  that  the  slope  of  a  throttling  curve  (See  Fig.  9) 
at  any  point  is  the  value  of  /x  at  that  point. 

An  expression  for  fx  is  readily  derived  from  the  equation  for  heat 
content, 

i  =  aT+  \f*T>-  -X-  ^^ijil  p  (1  +  2ap*)  +Acp  +  u. 


With  i  constant 

\'dp)r~\^p)r'  \df) 


But 
hence 

,=  A  [-<i+&(1 +  i^_.]  (G) 

32.  Comparison  with  the  Throttling  Experiments. — From  the  four 
available  sets  of  throttling  experiments,  Davis1  has  computed  values  of 
/a  covering  a  wide  range  of  pressure  and  temperature.  As  might  be 
expected,  the  results  when  plotted  showed  a  broad  band  of  points  (See 
Fig.  6  of  Davis'  paper)  and  individual  measurements  showed  consider- 
abl  discrepancy.  By  passing  a  smooth  curve  through  the  band  of  points 
Davis  obtained  the  relation  between  ll  and  t  that  was  afterwards  used 
by  himself  in  spacing  the  specific  heat  curves,  and  by  Heck  in  the 
development  of  his  theory.  Davis  therefore  assumes  that  /*  is  a  function 
of  the  temperature  only,  while  according  to  the  preceding  equation  (G) 
yu.  must  vary  with  the  pressure  also. 

A  comparison  of  equation  (G)  with  the  values  of  /x  computed  by 
Davis  is  shown  in  Fig.  15.  Four  different  pressures  are  used,  36,  120, 
200,  and  300  lb.  per  sq.  in.,  and  the  points  are  plotted  from  the  data 

1.     Proc.  Am.  Acad.,  Vol.  45,  pp.  243-264. 
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Fig.  15.    Joule-Thomson  Coefficient. 
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given  in  the  tables  of  Davis'  paper.  The  points  in  each  group  are  so 
chosen  that  the  pressure  in  the  experiments  represented  by  them  is  very 
nearly  the  pressure  attached  to  the  corresponding  curve.  The  dash  curve 
through  the  lowest  group  is  the  Davis  curve  for  fx. 

It  will  be  seen  that  the  curves  agree  sufficiently  well  with  the  points 
obtained  from  the  first  three  sets  of  throttling  experiments,  but  that  they 
lie  somewhat  above  the  points  deduced  from  Dodge's  experiments.  Kef- 
erence  to  Fig.  10  will  afford  an  explanation  of  the  discrepancy  in  the 
case  of  Dodge's  first  series.  The  peculiar  discontinuity  between  the  high- 
side  point  and  the  first  low-side  point  has  already  received  comment 
(See  p.  47).  Davis  rejected  the  high-side  point  entirely  and  obtained 
values  of  fx  by  a  comparison  of  low-side  points  only.  This  was  equivalent 
to  taking  the  slopes  of  smooth  curves  running  through  the  low-side 
points,  and  it  is  evident  from  the  figure  that  the  values  of  /x  thus 
obtained  are  smaller  than  the  values  given  by  the  slopes  of  the  theoretical 
curves.  Dodge's  second  series  of  33  experiments  was  of  such  a  character 
that  the  high-side  observations  had  to  be  used.  The  values  of  /x  obtained 
directly  from  the  observations  were,  according  to  Davis,  abnormally  high, 
and  certain  corrections  were  made  to  reduce  them  to  the  level  required 
by  the  law  of  corresponding  states.  The  chief  correction  was  a  reduction 
of  the  high-side  temperature  by  an  amount  ranging  from  11°  to  14°. 
If  the  high-side  points  are  incorrect,  as  assumed  by  Davis,  because  of 
water  carried  in  suspension  in  the  highly  superheated  steam,  the  plotted 
points  representing  Dodge's  experiments  must  be  accepted,  and  the 
curves  obtained  from  eq.  (G)  run  somewhat  high.  If,  on  the  other 
hand,  the  error  lies  in  the  low-side  points,  the  values  of  /x  calculated  by 
Davis  are  too  low,  and  the  curves  probably  are  nearer  the  truth  than 
the  points.  The  question  can  only  be  settled  by  a  new  series  of  experi- 
ments with  suitable  precautions  to  insure  the  dryness  of  the  steam  and 
with  improved  methods  of  temperature  measurement. 

The  other  question  that  presents  itself  relates  to  the  variation  of  fx 
with  the  pressure.  According  to  equation  (G)  this  variation  must  exist. 
though  it  is  small.  Davis  states  that  he  was  unable  to  detect  such  vari- 
ation from  an  examination  of  the  observations.  Heck  assumed  at  the 
start  of  his  investigation  that  fx  depended  on  t  alone,  but  the  further 
development  of  the  theory  led  him  to  the  conclusion  that  the  assumption 
could  not  be  rigorously  correct.  It  is  apparently  impossible  to  construct 
a  general  theory  that  will  give  satisfactory  agreement  in  other  parts  of 
the  field  and  at  the  same  time  leave  the  coefficient  fx  unaffected  by  the 
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pressure.  We  conclude,  therefore,  that  fx  is  a  function  of  the  pressure; 
and  so  far  as  our  present  knowledge  extends,  the  value  of  /*  is  given 
satisfactorily  by  equation  (G). 

F.      THERMAL  PROPERTIES  NEAR  THE  CRITICAL  TEMPERATURE. 

33.  Previous  Investigations— Thai  the  equation  (B)  to  (F)  (at 
the  saturation  limit)  should  hold  good  up  to  the  critical  temperature  is 
not  to  be  expected.  In  the  vicinity  of  the  critical  point  the  variation 
of  some  of  the  thermal  properties  is  so  rapid  that  to  represent  these 
properties,  equations  of  a  different  form  must  be  used.  As  there  are  no 
trustworthy  experiments  in  the  range  600°  P.  to  the  critical  temperature, 
any  formulation  covering  this  region  must  be  regarded  as  a  guess.  How- 
ever, even  a  conjecture  may  have  a  qualitative  value,  and.  in  the  present 
case  the  investigation  at  least  serves  to  establish  quite  closely  the  upper 
limit  of  temperature  for  the  equations  developed  in  the  preceding  sections. 

Several  attacks  have  been  made  on  this  problem.  Davis1  by  the 
use  of  Thiesen's  exponential  formula  determined  the  latent  heat  r,  and 
by  "the  law  of  the  straight  diameter"  established  tentatively  the  specific 
volume  v" .  Schiile2  has  likewise  estimated  certain  of  the  thermal  prop- 
erties near  the  critical  temperature,  and  his  work  appears  to  have  a 
reasonable  basis.  Another  tabulation  was  published  in  Engineering 
(Jan.  4,  1907)  ;  this  is  palpably  incorrect  and  has  no  value  whatever. 

34.     Thiesens  Exponential  Formula. — At  the  critical  temperature, 

dr 
the  latent  heat  r  becomes  zero,  and  furthermore  -rr  ~—^o.    An  equation 

connecting  r  and  t  may  be  given  a  form  such  that  these  conditions  will 
be  satisfied.    The  simplest  form  is  that  suggested  by  Thiesen,  namely. 

r  =  C(tk-ty, 
in  which  tk  denotes  the  critical  temperature,  and  n  <  1.     If  now  the 
constants  can  be  so  determined  as  to  give  correct  values  of  r  at  ordinary 
temperatures,  then  it  may  be  inferred  that  the  formula  will  give  reason- 
ably good  values  for  higher  temperatures.    The  formula  may  be  written 

log  r  =  log  0  +  n  log  (tk  —  t) 
a  form  more  convenient  for  purposes  of  calculation. 

Davis3  found  that  with  log  C  =  2.14302,  n  =  0.315,  and  tk  =  689, 
the  formula  represented  the  available  experimental  values  of  r  with 
remarkable  accuracy.     The  number  689  is  however  the  older  value  of 


1.  Marks  and  Davis  Steam  Tables,  pp.   102-105. 

2.  Zeit.  des  Verein.  deutsch.  Ing.,  Vol.  55,  pp.  1561-1567  (1911). 

3.  Proc.  Am.  Acad.,  Vol.   45,  p.  284. 
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tk  due  to  Cailletet  and  Colardeau.  The  recent  experiments  of  Holborn 
and  Baumann1  raise  the  value  of  tk  to  706.3°  F.,  and  with  this  value 
it  appears  to  be  impossible  to  make  Thiesen's  formula  fit  any  series  of 
probable  values  of  r  through  a  wide  range  of  temperature.  It  is  found, 
however,  that  the  equation 

log  r  =  2.00117  +0.3685  (706.3  —  *) 
fits  reasonably  well  the  values  of  r  from  360°  to  560°.     The  following 
table  shows  the  agreement. 

Table  17. 
Comparison  of  Values  of  Latent  Heat. 


1 =   .. 

Temp.  F. 

360 

400 

440 

480 

520 

560 

600 

r  deduced  from  Eq.  ( D ) 

863.5 
864.9 

826.7 
826.6 

785.5 
785.1 

739.6 
739.4 

688.0 
688.2   ■ 

629.6 
629.6 

563.1 
559  7 

Below  360°  and  above  560°  the  two  sets  of  values  diverge  rapidly.  It 
is  assumed  that  the  formula  will  give  approximate  values  of  r  between 
560°  and  706.3°,  but  too  much  confidence  should  not  be  placed  in  the 
accuracy  of  the  results  thus  obtained. 

35.  Heat  Content  of  Liquid  and  Vapor. — The  law  of  the  mean 
diameter  has  frequently  been  applied  in  determining  the  specific  volume 
of  the  vapor.  A  somewhat  similar  application  is  here  made  in  connection 
with  the  heat  contents  i'  and  i" .  Taking  the  sum  %  +  i"  for  the  tem- 
perature range  400°-600°  F.,  it  is  found  that  this  sum  is  given  very 
accurately  by  the  equation 

{>  +  {"  =  956.94  +  1.923/  —  0.00095*2. 
It  is  assumed  that  this  relation  also  holds  good  from  600°  to  the  critical 
temperature.  Hence  with  the  sum  i'  -f  i"  determined  by  this  equation 
and  the  difference  i"  —  i!  —  r  determined  from  the  Thiesen  exponential 
equation,  values  of  i"  and  %  are  readily  calculated.  The  variation  of  these 
thermal  magnitudes  near  the  critical  temperature  is  shown  in  Fig.  16. 
Curve  CD  is  the  mean  diameter,  its  ordinate  being  \  (i'  +  i"),  curve  AD 
represents  the  heat  content  i"  of  the  vapor,  and  curve  BD  the  heat  content 
i!  of  the  water.  These  are  two  branches  of  a  continuous  curve,  and  the 
common  value  of  %'  and  i"  at  the  critical  temperature  is  apparently  about 
921  B.  t.  u. 

36.  Specific  Volume  of  Steam. — The  method  of  Davis1  has  been 
followed,  except  that  706.3  is  used  for  iho  critical  temperature.  Values 
of  v"  the  specific  volume  of  steam  were  calculated  from  the  characteristic 


Annalen  der  Physik.  Vol.   31,   pp.   945-970    (1910). 
Steam  Tables  and  Diagrams,  pp.   103-106. 
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equation  (B).     For  the  values  of  v' ,  the  specific  volume  of  water,  the 
formula  of  Avernarius 

v  =a  —  b  log  (tk  —  t) 
was  found  to  give  exact  results  for  the  temperature  range  280°  —  600° 
F.,  with  the  following  constants :  a  =  0.044825,  b=  0.0105.    Denoting  by 
2s  the  sum  of  the  densities  of  the  liquid  and  vapor,  that  is 

v        v" 
the  variation  of  this  sum  with  the  temperature  is  given  by  the  equation 

2s  =  67.1  —  0.029131 1  —  0.000009342  t2. 
The   Clapeyron  relation  gives  another  relation  connecting  v'  and  v". 
namely  ,j    ]    ii    !  J-i^j^ 

dp 


r  =  A  (v"-v')  T 


dT 


dp 


in  which  the  derivative—  is  found  from  eq.  (A)  and  r  from  the  Thiesen 
dT 

formula.     The  values  of  v"  and  v'  are  therefore  readily  obtained  by  the 

solution  of  a  quadratic  equation. 
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Fig.  16.    Curves  for  i'  and  i"  from  400°-706,3°  F. 
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37.  liable  of  Properties  at  High  Temperatures. — The  following 
table  gives  the  thermal  properties  of  saturated  steam  between  600°  and 
the  critical  temperature,  as  calculated  by  the  methods  just  described.  It 
is  to  be  understood  that  the  tabulation  is  merely  a  conjecture  and  that 
no  claim  of  extreme  accuracy  is  asserted. 

Table  18. 
Properties  of  Saturated  Steam  From  600°  to  706.3°  F. 


1 

Temp. 
F. 

Pressure: 

lb.  per  sq. 

in. 

Volume 

of 

lib. 

Weight 

of 
1  cu.  ft. 

Heat  Content 

of  liquid 

of  vapor 

beat 

600 

1540.4 

0.272 

3.68 

604.5 

1164 

560 

620 

1658.7 

0.241 

4.15 

633 

1151 

518 

640 

2056.6 

0.187 

5.35 

663 

1136 

473 

660 

2360.8 

0.151 

6.63 

700 

1112 

412 

680 

2699.1 

0.118 

9.86 

745 

1080 

335 

700 

3074.5 

0.080 

12.46 

823 

1016 

193 

706.3 

3200 

0.048 

20.92 

921                          921 

0 

Comparing  the  equations  used  in  deducing  the  values  in  this  table 
with  the  original  equations  (B)  and  (D),  it  is  found  that  the  former 
merge  into  the  latter  at  a  temperature  lying  between  560°  and  600°  F. 
The  discrepancy  at  600°  is  small.  It  may  be  reasonably  assumed,  there- 
fore, that  the  general  equations  developed  in  this  investigation  hold  good 
up  to  600°  F.  when  applied  to  the  saturated  vapor.  The  corresponding 
pressure  limit  is  above  1500  lb.  per  sq.  in. 

V.     Resume  of  Formulas. 

For  convenience  of  reference  the  principal  formulas  developed  in 
the  preceding  section  are  here  collected.  The  constants  are  for  English 
units  with  pressures  expressed  in  pounds  per  square  inch.  The  logarithms 
involved  are  common  logarithms. 

1.     Relation  between  pressure  and  temperature : 

log  p  =  10.5688080  -  — ^ 


0.0155  losr  T  -  0.00406258  T 


+  0.00000400555T2  — 0.00002    10-10 


r  //-370\2     /*-370\n      , 


T  =  i  +  459.6 

2.     For  the  specific  volume  : 

T  C 

v  —  c  =  0.59465 — —  (  1  + 0.051 29/>%)  ~^- 


(B) 


in  which  log  C1  =  10.82500,  and  c  may  be  given  a  mean  value  0.017. 
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3.  For  the  specific  heat:  ,, 

cp  =  0.320  +  0.000126T  + — ^-  +  -^ ^ (C) 

log  C2  =  11.39361. 

4.  For  the  heat  content:       23583                       0.0342^) 
t  =  0.320T  +  0.000063T2 — — ^~L 

+  0.00333^+948.7  (D) 

log  C3  =  10.79155. 

5.  For  the  entropy  of  superheated  steam 

s  =  0.73683  log  T  +  0.000126T  -  11'^1'5  -  0.25355  log  p 

,^(1  +  0.0342,)  _008085  (E) 

log  (74  =  10.69464 

6.  For  the  intrinsic  energy  of  superheated  steam,  in  B.  t.  u. : 

.  =  0.2099r  +  0.0000632-  -J»»  -  ^  (1  +  0.02992P*)+  ^  (f) 

log  C5  =  10.69464 

7.  Heat  of  the  liquid   between  32°    and   212°   from   Calendar's 

formula:  /  *-32\2 

i'  =  0.9838*  +  2.0856  log  (t  +  4)  +  0.233  f  J  + 

/*-32  \s  \    100     / 

0.09245  f  J  -  34.73. 

8.  Entropy  of  the  liquid  between  32°  and  212°,  from  Calendar's 
formula 

s'  =  2.3623  log  T  +  0.0045775  log  (t  +  4)  -  0.00022609  T 
+  0.00000012867T2  —  6.2879. 

9.  External  latent  heat  of  saturated  steam: 

C6p(l  +  0.05129p) 
xb  =  0.1101  T F       mA - 

log  C6  =  10.09258. 

10.  Latent  heat  of  saturated  steam : 

T   dp_ 

n     rIT 

in  which ■£-  is  derived  from  formula  (A). 

p    dT 

The  preceding  equations  are  sufficient  for  the  calculation  of  all  the 

thermal  properties  of  saturated  and  superheated  steam  that  are  usually 

found  in  steam  tables. 
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VI.    Conclusion. 

38.  Comparison  of  Tables  and  Formulations. — A  table  of  the  prop- 
erties of  steam,  or  a  formulation  from  which  a  table  may  be  calculated, 
should  possess  two  characteristics,  consistency  and  accuracy.  A  table  or 
formulation  is  consistent  when  the  values  are  obtained  from  equations 
that  are  properly  connected  by  thermodynamic  relations,  such  as  the 
Clausius  and  Clapeyron  relations.  It  may  be  considered  accurate  if  the 
calculated  values  show  close  agreement  with  the  most  reliable  experi- 
mental data.  In  this  sense,  accuracy  is  only  relative.  A  table  that  would 
have  been  considered  accurate  ten  years  ago  would  be  regarded  today  as 
extremely  inaccurate  in  the  light  of  our  present  knowledge  of  the  subject. 

Taking  these  two  characteristics  as  a  basis  of  classification,  the 
existing  tables  and  formulations  may  be  divided  into  four  groups : 

1.  Those  that  possess  neither  consistency  nor  accuracy. 

2.  Those  that  are  consistent  but  inaccurate. 

3.  Those  that  are  reasonably  accurate  but  lack  consistency. 

4.  Those  that  are  both  consistent  and  accurate. 

In  the  first  group  may  be  placed  all  the  older  tables,  such  as  Ran- 
kine's,  BuePs,  Porter's,  and  Dery's.  The  tabular  values  were  calculated 
from  empirical  formulas  based  chiefly  on  Regnault's  data,  and  the  neces- 
sary connection  through  thermodynamic  relations  was  not  recognized. 

In  the  second  group  are  the  tables  based  on  Callendar's  theory.  As 
regards  consistency  these  tables  are  entirely  satisfactory,  as  the  ther- 
modynamic relations  are  satisfied.  Mollier's  tables  appeared  before  the 
publication  of  the  decisive  Munich  experiments,  which  invalidated  some 
of  the  fundamental  assumptions  of  Calendar's  theory.  Smith  and 
Warren,  however,  have  apparently  ignored  completely  the  mass  of  experi- 
mental evidence  accumulated  since  1900,  and  have  deliberately  sacrificed 
accuracy  for  the  sake  of  consistency.  While  these  two  sets  of  tables  are 
probably  more  accurate  than  those  in  the  first  group,  they  are  neverthe- 
less grossly  inaccurate  according  to  present  standards. 

The  noteworthy  researches  of  Davis  have  been  embodied  in  the 
Marks  and  Davis  steam  tables  and  in  the  last  edition  of  Peabody's  tables. 
The  establishment  of  the  new  formula  for  the  heat  content  of  saturated 
steam  was  the  principal  achievement  of  Dr.  Davis,  and  the  incorporation 
of  this  formula  in  the  tables  marks  an  important  advance  in  accuracy. 
The  Marks  and  Davis  tables  are  not  rigorously  consistent,  and  in  some 
particulars  they  also  exhibit  a  lack  of  extreme  accuracy.    The  system  of 
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specific  heat  curves  used  as  the  basis  of  the  values  in  the  region  of  super- 
heat is  probably  somewhat  in  error,  as  noted  in  a  preceding  section. 
The  values  of  the  specific  volume  of  superheated  steam  are  probably  too 
high,  and  the  values  of  the  heat  content  in  the  region  of  superheat  are 
almost  certainly  too  low  (See  Fig.  11) .  The  value  970.4  B.  t.  u.  assumed 
for  the  latent  heat  at  212°  F.  is  doubtless  slightly  low.  Notwithstanding 
minor  defects  in  accuracy  and  consistency,  the  Marks  and  Davis  tables 
are  justly  held  in  high  regard,  and  they  have  been  very  generally  accepted 
as  standard  in  engineering  practice. 

In  the  fourth  group  may  be  included  the  formulations  of  Jakob 
and  Heck,  and  the  formulation  developed  in  the  preceding  sections.  In 
each  of  these,  consistency  is  secured  by  a  strict  observance  of  ther- 
modynamic relations;  at  the  same  time  the  available  experimental  data 
are  used  to  check  the  equations,  and  thus  a  high  degree  of  accuracy  is 
insured.  It  is  probable  that  a  table  derived  from  any  one  of  these  formu- 
lations would  surpass  in  accuracy  the  best  of  existing  tables. 

With  respect  to  the  relative  advantages  of  the  three  formulations, 
the  following  statements  may  be  made.  Jakob's  scheme  is  open  to  the 
objection  that  it  is  graphical.  Numerical  results  must  be  obtained  by 
measurement  of  geometrical  magnitudes.  Furthermore,  Jakob's  system 
of  specific  heat  curves,  like  Davis'  system,  is  probably  erroneous  near  the 
saturation  limit.  For  these  reasons  Jakob's  formulation  may  be  con- 
sidered the  least  satisfactory  of  the  three.  Heck's  theory  doubtless  shows 
good  agreement  with  experimental  data,  and  a  table  constructed  from  it 
should  be  thoroughly  satisfactory  as  regards  accuracy  and  consistency. 
In  the  few  cases  in  which  comparisons  have  been  made,  the  theory  de- 
scribed in  this  bulletin  appears  to  show  somewhat  closer  agreement  with 
experimental  data  than  Heck's  theory.  Equation  (A)  for  the  pressure- 
temperature  relation  is  evidently  superior  to  Heck's  modification  of 
Marks'  formula;  the  characteristic  equation  (B)  represents  the  Knob- 
lauch measurements  more  accurately  than  Heck's  equation;  and  equa- 
tion (D)  for  the  heat  content  gives  values  of  i  at  saturation  that  agree 
very  closely  with  the  points  deduced  by  Davis  from  the  throttling  experi- 
ments, while  Heck's  curve  for  i  runs  appreciably  higher. 

As  regards  accuracy,  the  theory  under  discussion  does  not  suffer  in 
comparison  with  Heck's  theory.  In  other  respects  it  presents  certain 
obvious  advantages.  (1)  The  range  within  which  the  formulation  may 
be  regarded  as  valid  is  somewhat  greater.    At  saturation  Heck's  equations 


68  ILLINOIS  ENGINEERING  EXPERIMENT  STATION 

hold  good  up  to  500°  F.,  or  perhaps  a  little  higher;  the  equations  (B) 
to  (F)  are  valid  up  to  nearly  G00°  F.  (2)  Heck's  equations  are  exces- 
sively complicated  and  ill-adapted  for  computation.  Equations  (B)  to 
(F)  are  in  comparison  relatively  simple,  and  because  of  the  repetition 
of  certain  terms  in  the  several  formulas  the  labor  of  computation  is 
greatly  abridged,  and  numerical  results  may  be  obtained  with  compara- 
tive ease. 

39.  Effect  of  Future  Experiments. — The  theory  under  discussion 
has  been  correlated  with  the  most  reliable  experimental  data  available  at 
the  present  time.  It  is,  of  course,  probable  that  subsequent  experiments 
of  a  higher  order  of  precision  will  modify  these  data  to  some  extent 
and  possibly  render  necessary  a  revision  of  the  formulation.  It  may 
be  profitable  in  this  connection  to  discuss  briefly  the  sufficiency  of  exist- 
ing data  and  indicate  the  possible  effect  of  future  experiments. 

The  pressure-temperature  determinations  may  be  regarded  as  final. 
It  is  not  likely  that  further  experiments  will  modify  these  to  any  extent. 
Further  experiments  on  specific  volumes  are  desirable;  these  should 
include  a  higher  superheat  and  much  greater  pressure  range  than  the 
Munich  experiments.  Such  experiments  would  probably  confirm  the 
results  of  Knoblauch,  Linde,  and  Klebe.  The  results  of  the  experiments 
of  Lanz  and  Schmidt  on  the  specific  heat  of  steam  at  the  higher  pressures 
are  awaited  with  interest.  A  preliminary  report  indicates  that  the  experi- 
ments of  Knoblauch  and  Mollier  are  substantially  confirmed.  The  ex- 
periments at  higher  pressures  should  settle  the  question  of  the  proper 
course  of  the  specific  heat  curves  near  the  saturation  limit.  With  refer- 
ence to  the  specific  heat  of  water,  the  results  of  Barnes  and  Callendar 
for  the  range  32°-212°  should  be  accepted.  For  the  range  above  212° 
the  experimental  evidence  is  at  present  unsatisfactory  and  further  experi- 
ments in  this  field  are  urgently  needed.  Finally,  the  questions  raised 
by  the  various  discrepancies  in  the  throttling  experiments  should  be 
settled  by  a  new  set  of  experiments  conducted  with  proper  precautions 
to  insure  the  dryness  of  the  steam  and  the  accuracy  of  the  measurements. 

While  the  theory  may  require  modification  as  additional  experi- 
mental data  become  available,  it  is  believed  that  such  modifications  as 
may  be  necessary  can  be  made  without  essential  changes  in  structure. 
The  formulation  is  extremely  sensitive  to  changes  in  the  constants  and 
any  modifications  that  are  likely  to  be  made  in  the  fundamental  data, 
volumes,  specific  heats,  etc.,  can  be  accommodated  by  slight  changes  in 
the  constants. 
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40.  Summary. — In  this  bulletin  is  described  the  development  of  a 
general  theory  of  the  properties  of  superheated  and  saturated  steam.  For 
this  theory  the  following  claims  are  urged. 

1.  Consistency. — In  the  deduction  of  the  fundamental  equations 
the  thermodynamic  relations  have  been  recognized,  and  the  satisfaction 
of  these  relations  assures  consistency. 

2.  Accuracy. — The  equations  have  been  checked  with  the  most 
reliable  experimental  data  available,  and  in  every  respect  the  agreement 
is  extremely  close.  It  may  be  asserted  that  the  formulation  is  at  least 
as  accurate  as  any  other  that  has  thus  far  appeared. 

3.  Simplicity. — The  equations  are  relatively  simple  and  well 
adapted  for  computation  of  numerical  results. 

4.  Flexibility. — The  structure  of  the  formulation  is  such  that 
.modifications  necessitated  by  further  experimental  data  can  probably  be 
made  by  slight  changes  of  the  constants. 

5.  Range  of  Validity. — At  the  saturation  limit  the  equations  are 
valid  throughout  the  range  32'°-600°  F.,  a  range  far  wider  than  is  at 
present  employed  in  engineering  practice. 
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THE  ANALYSIS  OF  COAL  WITH 
PHENOL  AS  A  SOLVENT 

I.     Introduction. 

I.  Present  Methods  of  Coal  Analysis. — There  are  two  processes 
in  vogue  at  the  present  time  for  the  chemical  examination  of  coal ;  one 
is  the  ultimate,  and  the  other  is  the  proximate  method  of  analysis.  In 
the  first  the  organic  or  combustible  part  of  the  coal  is  separated  into 
its  elemental  constituents,  carbon,  hydrogen,  oxygen,  and  nitrogen. 
The  mineral  or  non-combustible  portion  is  separately  determined  under 
two  items  as  ash  and  moisture. 

In  the  proximate  method  the  organic  material  is  separated  into  two 
divisions,  one  being  that  portion  which  under  high  temperature  and 
out  of  contact  with  the  air  passes  off  in  the  gaseous  form,  and  the 
other  that  part  which  remains  behind  as  the  non-volatile  or  coke-form- 
ing carbon. 

Each  procedure  has  doubtless  come  into  use  as  the  result  of  a 
specific  demand.  For  example,  the  engineer  needed  the  data  from 
which  he  could  calculate  the  total  heat  of  the  coal  and,  in  arriving  at 
a  heat  balance,  he  must  also  have  at  hand  any  negative  factors  charge- 
able to  the  fuel,  such  as  the  quantity  and  character  of  the  gaseous 
products  of  combustion.  These  items,  therefore,  would  call  for  the 
data  furnished  by  the  ultimate  methods  of  analysis. 

The  proximate  method  was  developed  as  a  natural  accompaniment 
of  the  gas  and  coke  industries,  since  it  furnished  in  either  case  an  index 
of  the  yield  which  might  be  expected  from  a  given  coal.  Formerly, 
also,  the  quantity  of  volatile  matter  was  made  to  serve  as  an  index 
of  the  grade  or  quality  of  a  coal.  Thus  the  data  from  proximate 
analyses  have  been  put  into  the  form  of  "fuel  ratios"  or  the  ratio  of 
the  non-volatile  to  the  volatile  part  of  the  coal,  such  ratios  supposedly 
serving  as  an  indication  of  the  general  class  or  type  to  which  the  coal 
belonged. 

It  is  evident  from  this  brief  statement  that  the  results  obtained 
from  ordinary  methods  of  analysis  are  of  rather  narrow  application 
and  that  the  data  from  neither  the  ultimate  nor  the  proximate  methods 
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convey  much  information  which  can  be  applied  to  the  every-day  prob- 
lems connected  with  the  handling  and  use  of  coal  such  as  coking, 
storage,  deterioration,  oxidation,  weathering,  and  spontaneous  com- 
bustion. 

It  is  to  be  noted  in  this  connection  that  the  ordinary  methods  of 
analysis  give  the  percentage  amounts  of  certain  elements  or  compounds 
which  result  from  destructive  processes  and  do  not  even  remotely  take 
account  of  the  actual  constituents  of  the  organic  or  active  portions  of 
the  coal  as  they  occur  in  unaltered  form.  But  it  is  these  unaltered 
constituents  which  have  to  do  with  such  matters  as  coal  storage  and 
spontaneous  combustion.  Especially  do  they  have  to  do  with  coking 
properties,  with  smoke  formation,  and  the  type  of  distillation  products 
which  they  may  be  made  to  yield. 

2.  Purpose  of  the  Proposed  Study. — The  purpose  of  this  inves- 
tigation has  been  to  examine  and  enlarge  upon  certain  processes  of 
analysis  which  proceed  in  such  a  manner  as  to  separate  in  unaltered 
form  the  fundamental  substances  of  which  coal  is  composed,  and  to 
study  their  characteristic  properties  in  detail. 

Efforts  along  this  line  have  multiplied  in  recent  years.  Much 
suggestive  information  has  come  from  the  study  of  the  types  of 
vegetable  matter  which  constituted  the  source  of  the  initial  coal 
substance.  The  microscopical  studies  of  White,1  of  the  United  States 
Geological  Survey,  and  Professor  Jeffrey.2  of  Harvard,  have  devel- 
oped the  general  proposition  that  the  original  organic  constituents 
would  fall  into  two  general  classes :  those  of  the  cellulose  and  those 
of  the  resinic  type.  A  similar  line  of  evidence  has  been  developed  by 
numerous  investigators,  who  have  made  use  of  various  solvents,  which, 
in  the  main,  have  differentiated  the  compounds  along  the  same  general 
lines.  The  work  of  Frazer  and  Hoffman.3  Clark  and  Wheeler.4  and 
Professor  Lewes"'  may  be  cited  in  this  connection. 

In  conformity,  therefore,  to  this  general  proposition  as  to  the  coal 
constituents  this  investigation  proceeded  upon  the  general  hypothesis 
that  in  coal  two  types  of  compounds  are  to  be  met  with  :  ( I )  the  deg- 
radation products  of  the  original  cellulose  substances,  and  (2)  the 
less  altered  and  perhaps  more  characteristic  compounds  of  the  resinic 
type.  The  first  line  of  investigation,  therefore,  from  the  chemical 
standpoint,  would  seem  to  consist  of  a  study  of  various  solvents  which 
might  lend  themselves  to  such  a  separation  into  the  two  main  subdi- 


1.  Professional    Paper    85-E,    United    States   Geological    Snrvev    (1914). 

2.  Proc.    Am.    Acad,    of    Arts  and    Sciences.   46.   273    (1910). 

3.  Technical    Paper    5.    Bureau    of   Mines    (1912). 

4.  Journal    of   Chemical    Society.    103,    1704    (1913). 

5.  Progressive   ARe.    29.    1030    (1911). 
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visions  of  the  coal  constituent,  and,  second,  a  study  of  the  general 
properties  of  each  branch. 

3.  Outline  of  the  Investigation. —  (i).  Various  extractive  agents 
were  used  to  determine  the  extent  or  completeness  of  their  solvent 
properties.  Solvents  were  selected  which  would  seem  to  have  the 
greatest  ability  to  remove  those  bodies  which  were  of  the  resinic  type. 
The  substances  tried  are  arranged  in  the  order  of  their  solvent  prop- 
erties in  so  far  as  that  would  seem  to  be  indicated  in  preliminary 
studies  directly  concerned  with  the  extent  of  the  solvent  action  of 
each.  The  list  is  as  follows :  phenol,  ortho-cresol,  low  boiling  tar 
distillate,  para-cresol,  pyridine,  phenol-toluene  mixture,  aniline,  methyl 
aniline,  acetone,  toluene,  benzene,  carbon  disulphide,  and  turpentine. 
While  some  of  the  above  solvents  might  warrant  further  study,  there 
are  evident  advantages  over  the  other  compounds  in  the  use  of  phenol 
ami  it  was  made  the  subject  of  extended  study. 

(2).  A  general  survey  of  the  various  types  of  coal  was  made 
to  determine  the  relative  amounts  of  phenol-soluble  extract  contained 
in  each.  The  average  amount  of  material  extracted  from  Pocahontas 
coal  was  1.8  per  cent  and  the  results  varied  in  the  case  of  Illinois  coals 
from  22  per  cent  to  39  per  cent.  These  results  were  calculated  on  an 
ash  and  moisture  free  basis. 

(3).  By  effecting  a  separation  as  indicated  under  (1),  it  was 
possible  to  study  separately  the  insoluble  residue  and  the  extracted 
material,  to  determine  which  had  the  greater  avidity  for  oxygen,  also 
to  which  division  should  be  credited  the  coking  constituents,  and  what 
products  of  decomposition,  such  as  gas,  illuminants,  tar,  etc.,  could  be 
assigned  to  each. 

4.  Summary  of  Results. — 1.  Phenol  at  ioo°C.  will  dissolve  cer- 
tain constituents  of  bituminous  coals  in  their  natural  state.  The  two 
subdivisions,  designated  as  insoluble  residue  and  extraction  material, 
together  make  substantially  100  per  cent  or  the  amount  of  the  original 
substance. 

2.  The  amount  of  extractive  material  is  definite  and  susceptible 
of  quantitative  determination. 

3.  Studies  upon  these  two  type  substances  indicate  that  the  ex- 
tract is  the  vital  constituent  concerned  in  the  coking  of  coal.  It  con- 
forms to  the  principle  already  enumerated1  in  that  it  has  a  sufficiently 
definite  melting  point  and  a  decomposition  temperature  which  is  above 
that  of  the  melting  point. 

4.  Each  subdivision  is  capable  of  absorbing  oxygen.  The  effect 
upon  the   extract  is  to  modify  its  coking  properties  by  lowering  or 


1.     Bulletin   No.    60,   U.   of   111.    Eng.    Exp.    Sta.,   p.    20. 
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greatly  reducing  its  power  to  form  a  firm  and  coherent  mass. 

5.  The  oxygen  taken  up  in  either  case  is  found  to  be  chemically 
combined.  The  oxygen  taken  up  by  the  fresh  coal  is  similarly  held. 
The  insoluble  portion  has  the  greater  avidity  for  oxygen.  This  relation 
to  oxygen  has  a  bearing  upon  other  topics  aside  from  that  of  coking, 
as  the  heating  of  coal  in  storage,  spontaneous  combustion,  weathering, 
and  deterioration. 

II.     Experimental. 

A.     APPARATUS   AND    METHOD   OF   PROCEDURE. 

5.  Preliminary. — In  the  preliminary  part  of  the  work,  conducted 
to  determine  which  solvent  would  be  the  best  suited  to  the  purpose, 
the  adaptability  of  the  solvent  was  determined  by  the  amount  of  mate- 
rial which  it  would  remove,  and  also,  by  the  absence  of  chemical 
activity  involved  in  its  use.  That  is  to  say,  the  action  must  be  that  of 
a  true  solvent  and  must  not  develop  chemical  changes  either  in  its  own 
structure  or  that  of  the  components  of  the  coal.  These  features  could 
be  most  readily  indicated  by  noting  (1)  the  amount  of  material  dis- 
solved, and  (2)  the  sum  of  the  extract  and  residue;  this  sum  should 
correspond  substantially  to  the  weight  of  the  original  material,  pro- 
vided no  chemical  action  had  taken  place.  The  refinements  in  analyt- 
ical methods  in  the  preliminary  work  were  not  developed  beyond  the 
point  necessary  to  determine  the  applicability  of  the  extractive  agent 
to  the  work  in  hand.  The  solvents  used  are  given  in  the  order  of  their 
effectiveness,  the  most  active  being  placed  first :  phenol,  ortho-cresol, 
low  boiling  tar  distillate,  para-cresol,  pyridine,  phenol-toluene  mixture, 
aniline,  methyl  aniline,  acetone,  toluene,  benzene,  carbon  disulphide, 
and  turpentine. 

Para-cresol,  ortho-cresol,  and  low  boiling  tar  distillate  decomposed 
during  the  extraction,  thus  apparently  increasing  the  amount  of  ex- 
tracted material.  Ortho-cresol  gave  but  little  decomposition  product 
and  as  a  solvent  it  ranked  next  to  phenol.  Methyl  aniline  and  aniline 
presumably  underwent  decomposition.1  Pyridine  and  phenol-toluene 
mixture  gave  a  certain  amount  of  extract  but  it  was  not  as  large  as 
that  obtained  by  use  of  phenol  alone.  Furthermore,  the  increase  in  the 
amount  of  nitrogen  which  is  found  in  both  the  extract  and  residue 
after  treatment  with  pyridine  must  be  taken  as  an  index  of  the  forma- 
tion of  substitution  products  not  originally  present  in  the  coal  sub- 
stances.2 Acetone,  benzene,  carbon  disulphide  and  turpentine  extracted 
only  small  amounts  of  material  and  were  therefore  discarded. 


1.  Lewes,    Progressive   Age,   29,    1033. 

2.  Lewes,  Progressive  Age,  2<>.  1033. 

Clark  and   Wheeler.   Journal  Chem.   Soc,  103.   1709. 
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6.  Phenol  and  the  Conditions  which  Influence  the  Amount  and 
Character  of  Extract. — As  a  result  of  the  preliminary  work,  it  was 
evident  that  phenol  was  the  chemical  best  suited  for  use  as  an  extract- 
ive agent.  A  study,  therefore,  of  the  ultimate  requirements  necessary 
in  its  use,  was  the  next  step  to  be  undertaken.  The  fundamental  con- 
ditions to  be  observed  were  found  to  be  (a)  time  for  the  solvent  act, 
(b)  temperature,  (c)  presence  or  absence  of  air  in  any  part  of  the 
process.  The  effect  of  these  various  conditions  may  be  shown  as 
follows : 

(a)     Time  of  Extraction. 

In  order  to  determine  the  amount  of  material  extracted  for  various 
lengths  of  time,  five  grams  of  coal  were  treated  for  successive  periods 
of  five  hours  each,  and  the  amount  of  extract  determined.  At  the  end 
of  twenty  hours  the  extraction  was  discontinued  and  the  weight  of  the 
extract  determined.     The  results  of  the  extraction  were  as  follows : 

Table  1. 

Weight  of  Material   Dissolved  from   Coal  Using   Phenol   for 

Five  Hour  Periods. 


Weight  of  the  extract  after   1st  five  hours. 

"       "       "  "  "       2nd    "  "     . 

"        "        "  "  "        3rd     "  "      . 

"       "       "  "  "       4th      "  "     . 


1.188  grams 
.110       " 
.040       " 
.027        " 


It  will  be  seen  from  Table  1  that  during  the  last  five  hours  of 
extraction  only  .027  gram  of  material  was  obtained.  To  determine 
whether  this  last  increment  was  true  extract  or  decomposition  prod- 
ucts of  the  solvent,  the  phenol  was  distilled  alone  for  ten  hours  as  a 
blank  without  any  coal  in  the  extraction  tube,  and  the  phenol  distilled 
off  at  the  end  of  that  time.  The  weight  of  the  residue  in  the  flask  was 
.03  gram.  This  weight  of  decomposition  product  obtained  after  ten 
hours  of  distillation  would  represent  an  equivalent  of  .015  gram  for 
five  hours  of  distillation.  When  we  consider  that  the  amount  of  ap- 
parent extract  during  the  last  five  hours  was  only  .027  gram,  if  .015 
gram  of  this  were  derived  from  the  phenol,  then  only  .012  gram  would 
be  the  weight  of  the  substance  actually  dissolved  during  that  period. 
It  was  decided,  therefore,  to  stop  the  extraction  at  the  end  of  twenty 
hours  and  this  length  of  time  for  the  extraction  process  was  used  in 
all  of  the  work. 

(b)     Temperature  of  the  extraction. 

In  the  earlier  part  of  the  work  it  was  found  that  there  was  a 
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larger  amount  of  material  extracted  from  the  coal  if  the  solvent  were 
applied  hot,  as  at  no0C,1  instead  of  at  200  to  250.  The  use  of  the 
higher  temperature  was  accomplished  by  condensing  the  phenol  at  the 
temperature  of  boiling  toluene,  i.  e.,  noc.  By  causing  the  condensate 
at  this  temperature  to  flow  upon  the  coal,  which  in  turn  was  held  in 
the  vapors  of  the  phenol,  the  temperature  of  the  solvent  was  thereby 
always  kept  above  no°.  The  weight  of  extract  and  residue  from 
two  coals,  when  extracted  with  phenol  at  the  two  different  temperatures, 
is  given  in  the  following  table : 


Table  2. 

Weight  of  Extract  and  Residue  from  Coal  Extracted 
at  Different  Temperatures. 


Coal 

Divisions 

Extracted 
at   25°   C. 

Extracted 
at    110"    C. 

Difference 

A 
B 

Extract 
Residue 

Extract 
Residue 

1.564 
3.543 
1.326 
3.788 

1.691 
3.451 
1  .458 
3.674 

+  0.127  =  -  2.56% 

—  .092  =  — 

+  0.132  =  -  2.64% 

—  0.114  =  —  2 

It  will  be  noticed  that  with  both  coals  the  weight  of  residue  decreased 
and  that  the  weight  of  extract  increased  when  the  extraction  was  car- 
ried out  at  the  higher  temperature.  The  discrepancies  are  to  be  re- 
ferred to  the  decomposition  resulting  from  the  continuous  boiling  of 
the  phenol.  This  topic  is  discussed  more  fully  later.  Although  the 
additional  amount  of  extract  was  not  large,  it  was  thought  advisable 
to  carry  out  the  extraction  at  the  higher  temperature  even  though  the 
apparatus  which  was  necessary  for  doing  it  was  slightly  complicated. 


(c)     Presence  of  Air  in  the  Extraction  Apparatus. 

In  some  of  the  preliminary  experiments  it  was  found  that  the 
weight  of  extract  and  residue  combined  was  equal  to  more  than  the 
original  weight  of  the  coal.  This  would  doubtless  be  due  to  the  oxida- 
tion of  some  of  the  substances  involved,  i.  e.,  extract,  residue,  or 
phenol.  The  extraction  was.  therefore,  carried  out  in  the  absence  of 
air,  carbon  dioxide  being  conducted  through  the  apparatus.  The  fol- 
lowing results  show  very  plainly  that  there  was  an  increase  of  weight 
in  both  the  extract  and  residue  when  the  distillation  was  carried  out 
in  the  presence  o\  air.  The  test  was  made  on  five  grams  of  two 
different  coals.     These  results  are  given  in  Table  3. 


1.     All  temperature   readings  in   this  discussion  are   Centigrade. 
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Table  3. 
Coal  Extracted  .with  Phenol  in  the  Presence  of  Air  and 

Carbon  Dioxide. 


Residual 

Coal 

Substance 

In  C02 

In  Air 

Increase 

r 

Extract 

1.564 

1.614 

.050  =   1.00  % 

a 

Residue 

3.543 

3.691 

.148   =   2.96% 

1 

Total 

5.107 

5.305 

.198   =   3.96  % 

B 

Extract 

1.326 

1.389 

.063   =    1.26   % 

Residue 

3.788 

3.921 

.133    =   2.66  % 

I 

Total 

5.114 

5.310 

.196   =   3.92   % 

7.  Apparatus. — From  the  preliminary  work  the  apparatus  shown 
in  Figs.  I,  2,  and  3  was  decided  upon  as  being  the  best  adapted  for 
carrying  out  the  process.  Figs.  1,  2,  and  3  show  different  views 
of  the  apparatus.  An  extraction  cone  (A),  25  by  80  cm.,  was  sup- 
ported in  the  neck  of  a  750  cc.  Kjeldahl  flask  by  means  of  a  bent  glass 
rod  (B).  A  No.  7  rubber  stopper  (C)  which  contained  three  holes 
was  placed  in  the  neck  of  the  flask.  Two  of  the  holes  were  for  small 
glass  tubes  (E  and  F)  through  which  carbon  dioxide  could  be  con- 
ducted. The  one  large  hole  in  the  center  was  for  the  upper  end  of  a 
glass  bulb  (G)  which  acted  as  a  condenser  for  the  phenol.  This  con- 
denser-bulb was  almost  as  large  as  the  neck  of  the  flask  and  was  drawn 
out  at  the  upper  end  to  fit  a  water  condenser.  It  was  necessary  that 
this  bulb  should  be  large  enough  to  hold  about  25  cc.  of  toluene.  The 
toluene  itself  was  condensed  by  an  ordinary  70.  cm.  water  condenser. 
A  Woods'  metal  bath  was  used  for  boiling  the  phenol.  The  whole 
flask  was  protected  from  draughts  by  asbestos  paper. 

8.  Process  of  Extraction. — One  important  problem  which  pre- 
sented itself  in  the  extraction  of  coal  with  phenol  was  the  matter  of 
freeing  the  residue  and  the  extract  from  the  solvent.  Obviously,  the 
extract  and  the  residue  must  be  treated  differently  because  of  the 
nature  of  each.  In  spite  of  the  fact  that  all  precautions  as  to  oxida- 
tion, decomposition,  etc.,  were  observed  during  the  extraction,  it  was 
found  that  the  sum  of  the  weight  of  extract  and  residue  was  larger 
than  the  original  weight  of  coal.  This  fact  seemed  to  indicate  that 
phenol  was  being  retained  in  either  the  extract  or  the  residue  by  a 
physical  or  chemical  union.  If  the  phenol  was  being  held  chemically, 
it  could  not  be  used  as  a  solvent.  Therefore,  it  was  necessary  to  deter- 
mine whether  such  was  the  case  or  not. 

After  the  extraction,  the  residue  was  washed  first  with  alcohol 
and  then  with  ether  in  a  Soxhlet  extractor.  The  residue  was  subse- 
quently dried  in  the  air  for  one  hour  at  100°.  It  was  found  that  this 
method  of  freeing  the  residue  from  phenol  could  not  be  used  for  two 
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reasons;  even  after  the  washing  process  and  drying  at  ioo°  traces 
of  phenol  remained  in  the  residue,  and  there  was  also  the  possibility  of 
oxidation  of  the  finely  divided  residue  during  the  heating.  In  order 
to  remove  the  adhering  phenol  the  method  would  seem  to  be  that  of 
heating  to  a  temperature  above  the  boiling  point  of  the  solvent,  i.  e., 
to  approximately  200 °.  Moreover  by  heating  the  residue  which  had 
been  treated  as  above  described  to  2000  traces  of  phenol  were  shown 
to  be  given  off.  The  possibility  of  heating  to  this  temperature  raises 
the  questions  (1)  of  oxidation  and  (2)  of  decomposition  of  the  mate- 
rial. The  first  point  could  easily  be  guarded  by  use  of  an  inert  atmos- 
phere such  as  carbon  dioxide.  In  the  presence  of  such  an  atmosphere, 
heating  to  200°  could  be  carried  on  without  decomposition  as  is  shown 
by  the  following  experiments. 


Table  4. 

Showing  the  Effect  of  Heating  Coal  Substance  to  2000 
in  an  Atmosphere  of  CO-,. 


Residue 

Weight   of 
Residue 

Time   of 
Heating 

Weight  after 
Heating 

Difference 

A 
B 
C 

D 

4.125 
4.120 
4.200 
3.994 

3   hours 
2       " 
1       " 

4.121 
4.123 
4.200 
3.981 

—  .004 
+  .003 

.000 

—  .013 

As  a  result  of  these  experiments  the  following  procedure  was 
adopted.  After  being  washed  with  ether,  the  residue  was  dried  for 
a  short  time  in  the  air  to  allow  the  ether  to  evaporate  and  was  then 
transferred  to  a  flask.  It  was  kept  at  2000  for  one  hour  with  a  slow 
stream  of  dry  carbon  dioxide  passing  through  the  apparatus.  At  the 
end  of  one  hour  the  flask  was  allowed  to  cool  and  the  carbon  dioxide 
displaced  by  dry  air.  The  flask  was  then  weighed.  Because  of  the 
very  hygroscopic  nature  of  the  material,  it  was  necessary  to  protect 
it  from  all  possible  sources  of  moisture  during  the  drying  process. 

To  free  the  extract  from  phenol  the  first  method  used  was  to 
distil  at  reduced  pressure.  After  practically  all  of  the  phenol  had 
been  driven  off  under  this  condition  the  temperature  was  raised  to 
2000  while  a  current  of  carbon  dioxide  was  conducted  through  the 
the  flask.  It  was  thought  that  by  simply  bringing  the  mass  to  that  tem- 
perature all  of  the  phenol  would  be  driven  off.  However,  it  was  soon 
found  that  this  was  not  the  case.  The  heating  of  the  extract  was 
then  continued  for  one  hour  in  a  stream  ^\  carbon  dioxide,  in  a  manner 
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exactly  similar  to  that  used  with  the  residue.  It  was  found  that  this 
method  of  treatment  gave  a  lower  weight  for  the  extract.  Although 
phenol  was  given  off  during  the  heating,  it  was  not  known  what  effect 
heating  to  200°  would  have  upon  the  composition  of  the  material.  To 
test  the  matter,  the  extract  after  being  dried  at  2000  for  one  hour  was 
again  heated  for  a  certain  length  of  time  under  the  same  conditions. 
The  results  from  some  of  the  extracts  as  given  in  Table  5  show  for 
the  length  of  time  indicated,  that  the  decomposition,  if  there  was  any, 
was  not  large. 


Table  5. 

Showing  the  Effect  of  Heating  the  Extract  to  2000 
in  an  Atmosphere  of  C02. 


Extract 

Weight  of 
Extract 

Time   of 
Heating 

Weight  after 
Heating 

Difference 

A 
B 

C 

.895 

1.027 

.932 

1    hour 

1  " 

2  " 

.893 
.997 
.932 

—  .002 

—  .030 

—  .000 

9.  Method  of  Procedure. — As  a  result  of  the  above  experiments 
the  following  process  was  uniformly  followed.  Five  grams  of  coal 
ground  to  100  mesh,  which  had  been  dried  at  105  °  for  one  hour,  were 
extracted  with  50  to  60  cc.  of  redistilled  phenol.  The  extraction  cones, 
previous  to  use,  were  dried  and  weighed  with  the  exclusion  of  moist- 
ure. After  extraction  with  phenol,  the  cone  with  the  coal  was  placed 
in  a  Soxhlet  extractor  and  washed  for  two  hours  with  alcohol  and 
then  for  two  hours  with  ether.  The  ether  was  allowed  to  evaporate 
from  the  cone  for  a  short  time  and  the  residue,  when  almost  dry,  was 
shaken  out  into  a  100  cc.  Erlenmeyer  flask.  The  residue  was  then 
dried  for  one  hour  at  2000  in  a  slow  stream  of  carbon  dioxide.  The 
flask  was  allowed  to  cool  and  the  carbon  dioxide  displaced  by  dry  air. 
The  flask  was  then  weighed  and  the  residue  sealed  in  a  small  sample 
tube.  The  weight  of  the  small  amount  of  residue  adhering  to  the 
cone  was  obtained  by  drying  the  cone  at  1050  and  weighing.  The 
phenol  containing  the  extract  was  poured  into  a  200  cc.  round-bot- 
tomed flask.  The  last  trace  of  the  extract  was  washed  out  of  the 
Kjeldahl  flask  with  pure  phenol.  The  phenol  was  then  distilled  at  re- 
duced pressure  (15  to  25  mm.)  in  the  presence  of  carbon  dioxide.  The 
temperature  of  the  Woods'  metal  bath  was  then  raised  to  2000,  and 
carbon  dioxide  conducted  through  the  flask  to  remove  the  last  traces 
of  phenol  vapor.  The  flask  was  then  transferred  to  an  oven  and  main- 
tained for  one  hour  at  2000,  while  a  slow  current  of  carbon  dioxidf 
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was  continued  through  the  flask.  After  cooling,  the  carbon  dioxide 
was  displaced  with  dry  air  and  the  flask  weighed.  The  extract  was 
pulverized  and  preserved  in  sealed  tubes. 

After  all  the  details  of  the  apparatus  had  been  worked  out  and 
the  sources  of  error  in  the  method  corrected  as  far  as  possible,  a  num- 
ber of  coals  were  extracted.  The  method  just  outlined  was  followed  in 
detail.  The  extractions  were  carried  out  to  test  the  constancy  of  the 
results  and  to  find  the  limits  of  accuracy  by  comparing  the  sum  of 
extract  and  residue  with  the  amount  of  coal  taken.  The  results  are 
shown  in  Table  6. 


Table  6. 
Weight  of  Extract  and  Residue  from  Five  Grams  of  Coal. 


Table 
No. 

Sample 

Weight  of 
Extract 

Weight  of 
Residue 

Total 
Weight 

1 
2 
3 

4. 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

Williamson    Co.,    Ill 

Macoupin  Co.,  Ill 

Madison  Co.,   Ill 

Vermilion    Co.,    Ill 

Madison    Co.,    Ill 

Logan    Co.,    Ill 

Jackson    Co.,    Ill 

Sangamon     Co..     Ill 

Montgomery    Co.,     Ill 

Williamson     Co.,     Ill 

Vermilion     Co.,     Ill 

Vermilion     Co.,     Ill 

Williamson     Co.,     Ill 

Pocahontas,     W.     Va 

1.120 
1.458 
1.691 
1.826 
1.446 
1.887 
1.246 
1.959 
1.559 
1.327 
1.937 
1.689 
1.616 
.090 
.630 

4.006 
3.674 
3.451 
3.236 
3.642 
3.219 
3.878 
3.139 
3.498 
3.749 
3.104 
3.372 
3.491 
4.923 
4.559 

5.126 
5.132 
5.142 
5.062 
5.088 
5.106 
5.125 
5.098 
5.057 
5.076 
5.041 
5.061 
5.107 
5.013 
5.189 

It  will  be  noted  in  the  above  table  that  the  weight  of  extract 
combined  with  the  weight  of  residue  was  in  all  cases  above  the  weight 
of  coal  taken.  This  is  to  be  accounted  for  in  the  following  manner. 
Experiments  already  given  (page  y)  showed  that  when  50  cc.  of  phenol 
were  distilled  for  five  hours  that  the  amount  of  decomposition  product 
was  .015  gram.  For  twenty  hours  the  amount  of  decomposition  prod- 
uct would  be  .06  gram  provided  the  decomposition  was  regular  and 
that  the  presence  of  coal  did  not  in  any  way  tend  to  increase  the  rate 
of  decomposition.  It  must  be  admitted  that  the  alteration  of  phenol 
during  all  of  the  extractions  would  not  be  the  same  for  the  reason 
that  the  rate  of  distillation  could  not  be  controlled  accurately  and  as 
a  result  the  decomposition  would  vary  somewhat  in  amount.  On 
examining  the  results  above  it  will  be  seen  that  the  sum  of  the  weight 
of  extract  and  residue  was  from  .013  to  .189  gram  in  excess  of  the 
original  weight  of  the  coal.  These  two  results  are  extreme  cases. 
Now   granting  that   the   amount   of   decomposition   of   phenol   would 
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vary  from  one-half  to  two  times  the  amount  determined  in  the  blank 
test,  then  the  excess  of  weight  from  the  process  would  be  substantially 
accounted  for  by  referring  it  to  the  phenol  residue.  Furthermore, 
oxidization  or  absorption  of  water  by  either  the  extract  or  residue 
would  cause  an  increase  in  weight  and  would  tend  to  augment  the  plus 
error  observed. 

It  might  be  well  to  note  in  this  connection  that  since  the  decompo- 
sition product  from  the  phenol  will  appear  in  the  extract  only,  a 
corrected  weight  of  the  extract  would  therefore  be  obtained  by  sub- 
tracting the  weight  of  residue  from  the  original  weight  of  the  coal. 
Thus  the  weight  of  the  coal  minus  the  insoluble  residue  is  the  cor- 
rected factor  showing  the  degree  of  extraction. 

B.     Application  of  the  Method  to  Different  Types  of  Coals. 

While  the  preliminary  work  was  done  on  two  coals  and  though 
the  methods  were  not  as  accurate  as  those  finally  devised,  it  could  be 
easily  seen  that  the  two  coals  contained  markedly  different  amounts 
of  material  soluble  in  phenol.  One  coal  was  from  the  central  and  the 
other  from  the  southern  part  of  the  state.  As  a  means  of  comparison 
of  coals  from  different  localities  it  was  decided  to  make  an  extraction 
of  coals  from  the  same  and  from  different  districts.  Samples  of  Illi- 
nois coals  were,  therefore,  obtained  from  local  dealers.  The  most 
recent  shipments  and  large  lumps  were  selected  as  best  suited  to  the 
purpose.  Samples  of  Pocahontas  coal  and  lignite  were  also  obtained. 
The  name,  location,  volatile  matter,  fixed  carbon,  and  ash  of  the  coals 
are  given  in  the  following  table. 


Table  7. 
Showing  Analysis  of  Coals.    Dry  Basl 


Table 
No. 

Source  of  Sample 

Ash 
per  cent 

Volatile 
Matter 
per   cent 

Fixed 

Carbon 
per  cent 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

Williamson  Co.,  Ill 

Macoupin    Co.,    Ill 

Madison    Co.,    Ill 

Vermilion  Co.,  Ill 

Madison    Co.,    Ill 

Logan     Co.,     Ill 

Jackson    Co.,    Ill 

Sangamon   Co.,    Ill 

Montgomery   Co.,    Ill 

Williamson     Co.,     Ill 

Vermilion    Co.,    Ill 

Vermilion     Co.,     Ill 

Williamson     Co.,     Ill 

10.41 

13.54 

.     11.65 

8.68 

11.73 
8.74 
6.01 
5.18 

11.84 
7.88 
3.30 
6.74 
7.85 

13.38 

36.86 

40.12 
43.06 
44.36 
37.95 
41.99 
34.93 
44.48 
42.12 
36.78 
47.70 

37.85 
16.80 

52.73 
46.34 
45.29 
46.96 
50.32 
49.27 
59.06 
50.34 
46.02 
55.34 
49.00 

54.30 

69.82 

i6 


ILLINOIS   ENGINEERING  EXPERIMENT  STATION 


The  above  coals  were  extracted  with  phenol.  From  the  amounts 
of  extract  and  residue  as  given  in  Table  6  the  percentage  amounts  of 
each  substance  may  be  calculated,  but  on  account  of  the  variations  in 
the  ash  it  will  be  better  to  make  such  calculations  on  the  ash  free  basis. 
It  will  be  noted  in  Table  7  that  the  amounts  of  ash  in  these  coals 
varied  widely,  from  3.30  to  13.54  per  cent.  Since  the  percentage  of 
ash  in  the  extract  is  seldom  over  0.2  per  cent  it  is  quite  evident  that 
the  phenol  does  not  exert  an  appreciable  solvent  action  on  the  mineral 
constituents  in  the  coal.1  Therefore,  it  is  present  simply  as  an  inert 
material  and  serves  to  dilute  the  coal  substance.  If  the  amounts  of 
residue  and  extract  in  one  coal  are  to  be  compared  with  those  same 
constituents  in  another  coal,  it  can  be  done  only  after  the  residue  and 
extract  in  each  have  been  calculated  to  an  ash  free  basis. 


The  following  formula  was  used  in  this  calculation  : 
Per  cent  Residue  as  weighed  —  per  cent  ash  in  coal 


100  —  per  cent  ash  in  coal 


Ash  free  Residue 


The  corrected  ash  free  extract  was  found  as  indicated  on  page 
15  by  subtracting  the  per  cent  of  ash  free  residue  from  100.  As 
stated  above  the  extract  is  not  entirely  free  from  ash,  but  as  this  was 
small  in  amount  it  was  not  considered  in  these  calculations.  The 
weight  of  residue  and  extract  for  Illinois  coals  were  taken  from  Table 
6  and  calculated  to  an  ash  free  basis.  The  results  in  the  order  of 
decreasing  residue  and  increasing  extract  are  presented  in  Table  8. 


Showing  Percentage 
Referred  to 

Table  8. 

of  Insoluble  Residue  and 
the  Ash  Free  Substance. 

Extract 

Table 
No. 

Description 
Sample 

of 

Percentage  of 
Ash  free  Residue 

Percentage  of 
Ash  free  Extract 

1 
7 

10 
2 
5 

J  3 
9 

Williamson    Co..    Ill 

Jackson    Co.,    Ill 

Williamson     Co.,     Ill 

Macoupin    Co.,    Ill 

Madison   Co..    Ill 

Williamson    Co.,    Ill 

77.81 
76.14 
72.85 
69.33 
69.24 
67.26 
65.93 
65.09 
64.94 
61.37 
60.97 
60.76 
60.80 

22.19 
23.S6 
27.15 
30.67 
30.76 
32.74 
34.07 

12 
3 

4 
6 
8 
11 

Vermilion    Co.,    Ill 

Madison    Co.,    Ill 

Vermilion    Co..    Ill 

Logan   Co.,   Ill 

Sangamon    Co.,    Ill 

Vermilion    Co..    Ill 

34.01 
35.06 
38.63 
39.03 
29.24 
39.20 

1.      Frazer   and    Hoffman,   Bureau   of  Mines,   Technical   Paper   5,   p.   8. 
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Fig.  4. 
Location  of  the  Illinois  Coals. 
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For  purposes  of  geographical  comparison  the  location  of  the 
Illinois  coals  together  with  the  percentage  of  ash  free  extract  has 
been  shown  on  a  map  (page  17).  The  coals  may  be  divided  into 
three  classes;  (1)  those  low  in  extract;  (2)  those  medium  in  extract; 
and  (3)  those  high  in  extract.  The  class  low  in  extract,  i.  e.,  from 
20-30  per  cent,  is  located  in  the  extreme  southern  end  of  the  State 
and  is  confined  as  far  as  the  tests  extend  to  Jackson  and  Williamson 
counties.  The  class  of  medium  extract,  i.  e.,  30-35  per  cent.,  is  located 
in  Madison,  Macoupin,  and  Montgomery  counties.  The  class  high  in 
extract,  i.  e.,  above  35  per  cent,  extends  through  the  middle  of  the 
State.  The  coals  which  gave  the  high  amount  of  extract  were  from 
Sangamon,  Logan,  and  Vermilion  counties. 

From  this  preliminary  survey  of  the  coals  it  seems  that  this 
method  of  analysis  may  lead  to  a  much  better  comparison  of  coals  or 
a  closer  subdivision  of  varieties  than  can  be  shown  by  the  ordinary 
methods  of  analysis.  Of  course,  the  study  must  be  much  wider  in 
scope  before  a  fixed  and  definite  conclusion  can  be  drawn  as  to  its 
applicability  in  this  connection. 

C.     GENERAL   PROPERTIES   OF   EXTRACT   AND   RESIDUE. 

10.  Relation  of  Extract  and  Residue  to  Coking  Properties. — The 
relation  of  extract  and  residue  to  the  coking  properties  was  studied 
by  making  volatile  matter  determinations  according  to  a  specified 
method.1  The  volatile  matter  determination  was  useful  in  two  ways : 
(1)  the  percentage  of  volatile  matter  was  indicated,  and  (2)  the  na- 
ture of  the  coke  produced  could  be  roughly  determined  by  examining 
the  material  remaining  in  the  crucible.  The  percentage  of  volatile 
matter  will  be  given  in  another  connection. 

The  "coke"  produced  from  the  volatile  matter  determination  of 
the  insoluble  residue  showed  very  little  coherence.  The  so-called 
"coke"  was  in  fact  not  a  coke  at  all.  Its  tendency  to  hold  together 
depended  to  a  certain  extent  upon  the  coal  from  which  the  residue 
had  been  obtained,  for  in  some  cases  the  material  fell  to  pieces  on 
being  dumped  out  of  the  crucible  and  in  all  cases  it  could  be  disinte- 
grated between  the  fingers.  It  was  much  duller  in  appearance  than 
ordinary  coke.  The  residue,  therefore,  could  properly  lie  designated 
as  non-caking  and  in  consequence  non-coking. 

The  extract  and  residue  differed  widely  in  character.  When 
heated  to  3000  to  3500,  the  extract  softened  but  it  did  not  produce  a 
stiekx  material  at  first.  Later,  as  the  temperature  was  raised,  it  became 
sticky.     On  cooling  it   again  assumed  the  compact  brittle  state,  which 

1.     Stanton   and   Fieldner,   "Methods  of   Analyzing  Coal  ami   Coke".  Technical   Paper  8, 
P>nrean    of   Mines    (1912). 
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it  originally  possessed.  The  extract  when  subjected  to  the  volatile 
matter  test  swelled  to  three  or  four  times  its  original  size  and  gave  a 
large  amount  of  volatile  matter.  The  material  remaining  after  the  test 
possessed  a  bright,  shiny  appearance.  It  was  very  friable.  However, 
it  was  a  material  entirely  different  from  that  produced  from  the 
residue. 

If  the  residue  and  extract  are  mixed  in  the  ratio  in  which  they 
occurred  in  the  coal  and  a  volatile  matter  determination  made,  the 
material  remaining  is  a  coke  about  as  strong  in  character  and  similar 
in  appearance  as  that  produced  by  the  coal  itself.  From  this  it  is 
evident  that  the  coking  constituent  is  the  soluble  extract  and  that  its 
function  is  that  of  a  cementing  substance. 

ii.  Effect  of  Heating  the  Residue  and  Extract  in  the  Air. — It  is 
well  known  that  coal  oxidizes  readily  in  the  air  at  200°.  It  was  desired 
to  learn  the  behavior  of  the  residue  and  extract  when  heated  under  the 
same  conditions.  The  residue  was  weighed  and  heated  in  contact  with 
air  in  an  oven  at  2000  for  successive  one  hour  periods.  The  results 
are  given  in  the  following  table. 

Table  9. 

Showing  the  Increase  in  Weight  of  Residue  when 

Heated  at  200 °. 


Weight 

Increase 

Weight    of    residue 

after   1st   one  hour   period 

after  2nd  one  hour  period 

after  3rd  one  hour  period 

after  4th   one  hour  period 

after  5th  one  hour  period 

after  6th   one   hour  period 

after  7th   one  hour  period 

0.6782 
0.6868 
0.6903 
0.6926 
0.6952 
0.6960 
.  0.6973 
0.6982 

0.0000 
0.0086 
0.0121 
0.0144 
0.0170 
0.0178 
0.0191 
0.0200 

The  extract  was  also  heated  to  2000  in  the  air.  The  results  for 
the  extract  are  given  in  Table  10.  The  time  of  the  first  heating  was 
30  minutes  and  after  that  each  successive  period  was  one  hour. 

Table  io. 

Showing  the  Increase  in  Weight  of  tfie  Extract  when 

Heated  to  200 °. 


Weight 

Increase 

Weight   of   extract 

after  heating  30  min 

after  1st  one  hour  period 

after  2nd  one  hour  period 

0.5718 
0.5720 
0.5745 
0.5770 

0.0000 
0.0002 
0.0027 
0.0052 
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Fig.  5- 
Absorption  of  Oxygen  by  Coal  Residues. 
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It  was  thus  shown  that  both  the  residue  and  extract  increased  in 
weight  when  heated  and  that  the  rate  of  increase  was  faster  in  the 
case  of  the  insoluble  residue.  These  experiments  are  taken  to  mean 
that  the  increase  in  weight  is  an  indication  of  oxidation  of  residue  and 
extract. 

12.  Avidity  of  Residue  and  Extract  for  Water  and  Oxygen  at 
Ordinary  Temperature. — The  hygroscopic  nature  of  the  residue  was 
one  of  the  properties  to  be  noticed  first.  On  exposure  to  air  it  in- 
creased in  weight  rapidly,  and  on  drying  at  1050  for  half  an  hour 
most  of  the  water  was  driven  off.  However,  it  did  not  return  to  its 
original  weight  on  drying,  so  that  the  excess  in  weight  was  probably 
caused  by  oxidation  of  the  material. 

The  hygroscopic  nature  of  the  extract  was  also  noticeable  but  it 
was  not  as  marked  as  that  of  the  residue.  The  extract  increased  in 
weight  when  exposed  to  the  air,  and  the  moisture  could  be  driven  out 
again  by  drying  at  105  °  for  thirty  minutes. 

Table  11  shows  the  increase  in  weight  of  extract  and  residue 
when  exposed  to  the  moisture  of  the  air  and  the  decrease  in  weight 
when  they  were  dried  at  105  °  for  30  minutes. 


Table  ii. 
Effect  of  Oxidation  on  Residue  and  Extract. 


Substance 

Weight 

Weight 

after 

Exposure 

Increase 

Weight 

after 

Drying 

Variation  in 

Weight  from 

Initial  Material 

.3029 
.2467 

.3129 
.2485 

.0100 
.0018 

.3037 
.2462 

+  .0008 

Extract     . 

—  .0005 

Oxidation  of  the  residue  and  extract  at  ordinary  temperature  was 
also  studied.  Because  of  the  hygroscopic  nature  of  the  residue  and 
extract,  it  was  difficult  to  determine  whether  oxidation  was  actually 
taking  place  or  not.  The  rate  of  oxidation,  if  it  occurred,  would  nec- 
essarily be  slow  at  room  temperature.  Several  experiments  were  per- 
formed for  the  purpose  of  determining  whether  or  not  the  material 
did  oxidize.  Obviously,  the  experiment  must  be  so  carried  out  that 
moisture  increases  may  be  obviated  in  order  to  know  definitely  that 
the  material  had  oxidized  and  had  not  taken  up  moisture. 

The  apparatus  for  showing  the  absorption  of  oxygen  con- 
sisted of  a  barometer  for  measuring  diminished  pressure  in  a  sealed 
space,  which  contained  oxygen  and  the  material  to  be  tested.  The  plan 
of  such  an  apparatus  is  shown  in  Fig.  5.     The  apparatus  consists  of 
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a  10  cc.  pipette  (A)  fused  to  a  capillary  tube  (B)  900  mm.  in  length. 
The  capillary  tube  is  connected  at  the  bottom  by  a  Y-tube  to  another 
capillary  tube  (C)  which  serves  as  a  leveling  tube  and  through  which 
oxygen  can  be  introduced  into  the  apparatus.  The  Y-tube  is  connected 
by  a  rubber  tube  (E)  to  a  leveling  bulb  (F). 

In  setting  up  the  apparatus  the  procedure  was  as  follows :  One 
gram  of  extract  (or  residue)  was  introduced  into  the  pipette  and  the 
end  sealed  off.  Mercury  was  then  placed  in  E  and  F,  and  a  pinch 
clamp  placed  on  E.  The  height  of  the  mercury  was  such  that  it  did 
.not  disconnect  B  and  C.  The  apparatus  was  then  evacuated  repeatedly 
and  filled  five  or  six  times  with  commercial  oxygen  which  was  dried 
by  passing  it  through  sulphuric  acid.  This  procedure  was  followed  to 
displace  the  air  in  the  apparatus  with  oxygen.  Finally  a  very  slightly 
diminished  pressure  was  maintained  in  the  apparatus,  the  pinch  cock 
on  E  opened,  and  the  leveling  tube  raised.  If  this  procedure  were 
carried  out  properly.,  the  mercury  in  B  would  stand  a  few  mm.  above 
the  rubber  connection  and  the  mercury  in  both  the  capillary  tube  C  and 
the  leveling  bulb  F  would  stand  at  the  same  level.  At  certain  intervals 
simultaneous  temperature  and  barometric  readings  were  taken  and  the 
true  pressure  calculated. 

Table  12  shows  the  results  of  an  experiment  on  the  extract. 

Table  12. 

Showing  the  Avidity  of  the  Extract  for  Oxygen  Measured  in- 
Diminished  Pressure  (mm.). 


Time  after 

Standing. 

Diminished  Pressure  in  mm. 

0 

0 

23 

hours 

36 

64 

56 

88 

' 

76 

112 

' 

91 

136 

' 

96 

208 

' 

125 

Table  13. 

Showing  the  Avidity  of  the  Residue  for  Oxygen  Measured  in 
Diminished  Pressure  (mm.). 


Time  at'tei 

Stan 

ling. 

D 

mini 

shed 

Pressure  in  mm. 

0 

0 

26 

b 

nurs 

49 

" 

123 

00 

" 

154 

114 

11 

188 

138 

" 

20  Q 

160 

" 

-•>- 

269 
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For  purposes  of  comparison  of  the  absorption  rates  of  extract  and 
residue,  the  above  results  were  plotted.  Plotting  time  against  dimin- 
ished pressure  in  millimeters,  it  is  seen  that  the  rate  of  absorption  was 
faster  in  the  case  of  the  residue. 
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Fig.  6. 
Rate  of  Absorption  of  Oxygen  by  Residue  and  Extract. 

The  results  as  given  in  Tables  12  and  13  show  that  oxygen  was 

taken  up  by  both  the  residue  and  extract.    The  amount  of  oxygen  that 


24 


ILLINOIS   ENGINEERING  EXPERIMENT  STATION 


had  been  absorbed  when  the  experiment  was  stopped  was  about  4-5 
cc.  in  the  case  of  the  residue,  and  2-2^  cc.  in  the  case  of  the  extract. 
The  experiment  does  not  show  absolutely  that  oxidation  had  taken 
place,  but  from  our  knowledge  of  coal  we  would  be  led  to  suspect  that 
such  was  the  case.  At  any  rate  it  can  be  said  that  the  coal  was  either 
oxidized  or  that  it  was  holding  the  oxygen  in  an  occluded  state.  Fur- 
ther experiments  given  below  show  that  the  reaction  was  one  of  oxi- 
dation. 

13.  Volatile  Matter  Determination  of  Coal,  Residue,  and  Extract. 
— Something  of  the  relation  of  residue  and  extract  to  coking  proper- 
ties has  already  been  discussed.  Further  data  as  to  the  relative 
amounts  of  volatile  matter  in  the  two  divisions  were  desired. 

The  percentage  of  volatile  matter  and  fixed  carbon  in  the  residue 
and  extract  from  different  coals  was  therefore  determined  and  for 
purposes  of  comparison,  volatile  matter  determinations  were  also  made 
on  the  coals  under  examination.    These  results  are  shown  in  Table  14. 

The  fuel  ratio  or  the  ratio  of  fixed  carbon  to  volatile  matter  is 
also  given  in  Table  14.  The  use  of  this  ratio  is  advantageous  for  the 
reason  that  we  have  in  it  a  method  of  comparison  which  does  not 
readily  appear  from  the  percentages  of  fixed  carbon  and  volatile  mat- 
ter alone. 

Table  14. 

Showing  the  Percentage  of  Fixed  Carbon  and  Volatile  Matter 
in  Coal,  Residue,  and  Extract. 


Table 

No. 

Substance 

Fixed 
per 

Carbon 
cent 

Volatile 

Matter 

per  cent 

Fuel 

Ratio 

6 

49.27 
59.06 
50.34 
55.34 
46.02 
49.00 
69.82 

47.15 
47.25 

57.90 
51.52 

50.26 
47.61 

54.83 
51.79 

43.01 
48.  S2 

49.02 
47.35 

68.68 

41.99 

39.63 
52.39 

34.93 

34.51 
♦8.42 

44. 4S 

41.90 
51.98 

36.78 

34.77 
48.10 

42.12 

30.88 
50.45 

47.70 

46.01 
52.30 

16.80 

17.72 

1.173 
1.691 
1.132 
1.504 
1.093 
1.027 
4.156 

1.190 

7 

Extract   

New   Kentucky   Coal 

.902 

1.678 

1.064 

8. 

Springfield   Coal   

1.200 

.916 

10 

Carterville    Coal    

1.577 

1.077 

9 

Montgomery  Co.  Coal.... 

1.101 

.968 

11 

Catlin    Coal    

1.066 

.005 

14 

Pocabontas  Coal   

Residue     

3.876 

The  fuel  ratios  of  coal,  residue,  and  extract  are  separately  shown 
in  Table   15.     TTcre  the  results  appear  in   such  a   form  that  the   fuel 
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ratio  of  one  coal  can  easily  be  compared  with  that  of  another.     Like- 
wise, the  fuel  ratio  of  the  residue  and  extract  can  be  compared. 

The  fuel  ratios  for  the  several  extracts  are  uniformly  lower  than 
the  ratios  for  the  residues.  It  is  to  be  remembered  that  a  decrease  in 
the  ratio  number  denotes  an  increase  in  the  relative  amount  of  volatile 
constituent.  The  table  is  made  to  show  in  the  last  column  the  relation 
between  the  various  samples,  the  fuel  ratio  for  the  residue  being  used 
in  each  case  as  the  basis  of  reference.  It  is  quite  possible  that  when 
reduced  to  this  basis  some  idea  may  be  had  as  to  the  coking  property 
of  a  coal.  While  more  data  would  be  required  on  which  to  base  a 
conclusion,  it  may  be  said  that  the  high  percentage  differences  as 
shown  in  the  table  are  consistent  in  representing  the  more  pronounced 
coking  property  of  the  samples  listed. 

Table  15. 
Showing  the  Fuel  Ratio  of  Coal,  Residue,  and  Extract. 


Table 
No. 


Description 


New  Kentucky  .. 
Carterville    Nut 
Montgomery   Co. 

Lincoln 

Catlin   

Springfield     


Coal 

Residue 

Extract 

C 

C 

C 

vol 

vol 

vol 

1.705 

1.678 

1.062 

1.504 

1.578 

1.077 

1.093 

1.101 

.968 

1.173 

1.190 

.902 

1.0.27 

1.066 

.904 

1.133 

1.200 

.916 

Percentage  of  decrease 

of  ratio  in  extract 
over  ratio  for  residue 
referred  to  residue 
as  basis 

40.3 
38.3 
26.5 
32.2 
13.7 
24.1 


14.  Ultimate  Analysis  of  Coal,  Residue,  and  Extract. — A  differ- 
ence in  the  chemical  constitution  of  the  residue  and  extract  would  be 
expected,  when  we  consider  the  marked  differences  in  their  physical 
properties.  In  order  to  find  out  if  there  was  a  difference  in  the  chem- 
ical constitution  of  these  two  substances,  ultimate  analyses  were  made 
of  extract,  residue,  and  coal  from  a  number  of  mines  as  follows : 

Table  16. 

Vermilion  County  Coal. 

Showing  the  Ultimate  Analysis  of  Coal,  Residue,  and  Extract. 


Substance 

Carbon 

Hydrogen 

Nitrogen 

Sulphur 

Ash 

Coal     

72.40 
72.36 
69.16 
69.08 
81.14 
80.97 

5.35 
5.34 
4.92 
4.90 
5.88 
6.04 

1.27 
1.16 
1.29 

1.24 

2.72 
3.72 
1.33 

8.68 

13.03 

Extract    

.53 

These  results  were  averaged  and  calculated  to  an  ash  free  basis. 
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Table  17. 

Vermilion  County  Coal. 

Showing  the  Ultimate  Analysis  of  Coal,  Residue,  and  Extract 

on  an  Ash  Free  Basis. 


Substance 

Carbon 

Hydrogen 

Nitrogen 

Sulphur 

Oxygen 

Coal   

79.26 
79.48 
81.48 

5.86 
5.68 
5.99 

1.32 
1.48 
1.25 

2.97 
4.28 
1.34 

10.59 
9.12 

Extract    

9.94 

The  results  of  the  ultimate  analyses  of  Williamson  County  coal, 
residue,  and  extract  are  given  in  Table  18. 


Table  18. 
Showing  the  Ultimate  Analysis  of  Coal,  Residue,  and  Extract. 


Substance 

Carbon 

Hydrogen 

Nitrogen 

Sulphur 

Ash 

Coal  

74.58 
74.42 
72  46 
72.' 17 
82.69 
82.60 

4.72 
4.89 
4.70 
4.73 

5.54 
5.54 

1.63 
1.53 
1.73 

2.35 
2.52 
1.42 

7.85 

11.35 

Extract    

.56 

These  results  were  averaged  and  calculated  to  an  ash  free  basis. 


Table  19. 

Williamson  County  Coal. 

Ultimate  Constituents  of  Coal,  Residue,  and  Extract 

Calculated  to  the  Ash  Free  Basis. 


Substance 

Carbon 

Hydrogen 

Nitrogen 

Sulphur 

1  Kygen 

Coal   

80.85 
.si  57 
83.11 

5.21 
5.32 

1.77 
1.72 
1.74 

2.55 
2.84 
1.43 

9.62 

8.55 

Extract    

(  )n  examining  the  results  of  the  ultimate  analysis,  it  will  be  seen 
that  there  was  little  difference  in  the  proportion  of  the  elements  in  the 
coal,  residue,  and  extract.  The  percentage  of  carbon  and  hydrogen  is 
slightly  higher  in  the  extract.  However,  because  of  the  small  varia- 
tion no  special  significance  can  lie  attached  to  this  fact. 

The  oxygen  content  was  the  chief  point  of  interest  to  be  consid- 
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ered  in  the  analysis.  Previous  work  with  solvents  such  as  pyridine1 
and  benzene2  indicated  that  the  material  dissolved  from  coal  by  these 
solvents  contained  a  smaller  proportion  of  oxygen.  Professor  Lewes3 
states  that  "degradation  products  of  the  original  vegetation  are  to  be 
found  in  the  bituminous  coals,  the  residual  body  and  humus  forming 
the  basis,  which  is  luted  together  by  the  hydrocarbons  and  resins,  and 
the  characteristics  of  the  various  kinds  of  coal  are  dependent  upon  the 
proportion  in  which  the  four  groups  of  the  conglomerate  are  present". 
Assuming  that  the  hydrocarbons  and  resins  were  the  more  soluble  in 
phenol  and  would  be  dissolved  by  the  phenol,  it  would  be  only  natural 
to  conclude  that  the  extract  would  be  low  in  the  amount  of  oxygen  it 
contained.  Furthermore,  if  the  bodies  low  in  oxygen  were  dissolved, 
the  residue  would  on  that  account  contain  a  larger  percentage  of 
oxygen.  When  we  consider  that  all  the  errors  of  the  analysis  are 
combined  in  the  oxygen  value,  it  would  be  impossible  to  state  from  the 
results  of  the  above  analyses  that  there  was  any  difference  in  the  per- 
centage of  oxygen  in  the  extract  from  that  of  the  residue. 

It  is  to  be  noted  that  the  percentage  of  sulphur  in  the  residue  is 
high.  This  is  to  be  accounted  for  by  the  fact  that  the  residue  con- 
tained practically  all  of  the  ash  that  was  present  in  the  coal.  That 
there  was  some  sulphur  in  the  extract  was  taken  to  indicate  that  a  part 
of  the  sulphur  in  the  coal  was  present  in  the  organic  form. 

15.  Thermal  Decomposition  of  Residue  and  Extract. — The  resi- 
due and  extract  were  subjected  to  destructive  distillation  at  8oo°  and 
the  resulting  gases  analyzed.  For  purposes  of  comparison  the  coal  was 
also  treated  in  the  same  manner.  The  method  for  the  destructive  dis- 
tillation of  the  material  may  be  briefly  described  in  the  following 
manner. 

One  gram  of  the  substance  was  placed  in  a  hard  glass  test  tube. 
Immediately  above  the  substance  was  placed  a  short  layer  of  asbestos 
which  served  the  purpose  of  a  tar  scrubber  and  as  a  means  of  holding 
the  extract  in  the  lower  part  of  the  tube  thus  counteracting  its  ten- 
dency to  foam.  The  tube  was  then  connected  by  a  rubber  stopper,  a 
glass  stop  cock,  and  a  short  piece  of  small  rubber  tubing  to  a  300  cc. 
gas  holder  which  contained  mercury.  Previous  to  heating,  the  air 
was  exhausted  from  the  tube  and  from  the  connections  by  means  of  a 
filter  pump.  The  test  tube  was  then  introduced  into  a  gas  furnace 
which  had  been  previously  heated  to  8oo°. 

The  temperature  was  maintained  between  the  temperature  limits 


1.  Clark  and  Wheeler,  J.  of  Chem.   Soc,   103,   1709   (1913). 

2.  Pictet  and  Ramseyer,  Arch.  sci.  phys.  nat.,  34,  234    (Chem.  Abstracts  7,  1496)    (1913). 

3.  Progressive  Age,  29,  1032  (1911). 
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of  780  °  and  8100  throughout  all  of  the  experiments.  The  upper  part 
of  the  test  tube  holding  the  rubber  stopper  was  well  insulated  against 
the  heat.  As  soon  as  the  pressure  in  the  tube  was  equal  to  the  atmos- 
pheric pressure,  the  stop  cock  was  opened  and  the  gas  collected.  At  the 
end  of  one  hour  the  distillation  was  stopped.  The  gas  was  analyzed 
according  to  the  usual  procedure. 

The  average  of  duplicate  determinations  gave  the  following  re- 
sults for  gases  which  were  produced  by  the  destructive  distillation  of 
Vermilion  County  coal,  residue,  and  extract. 


Table  20. 

Showing  the  Composition  of  Gases  Produced  by  Destructive 
Distillation  of  Coal,  Residue,  and  Extract. 


Components  of  the  Gas 

Vermilion   Co. 

Residue 

Extract 

Carbon  dioxide  

18.1 

3.4 

.5 

20.6 

35.6 

17.4 

1.6 

2.8 

15.1 

3.5 

.9 

17.4 

39.2 

18.1 

1.5 

4.3 

12.9 

3.1 

Oxygen  

Carbon  monoxide  

Hydrogen  

Methane  

.1 

16.4 

47.8 

13.4 

2.8 

Nitrogen  

3.5 

Coal,  from  Williamson  County,  residue  and  extract  were  also  de- 
structively distilled.  The  results  of  the  analysis  of  the  gas  which  was 
produced  are  given  in  Table  21. 

Table  21. 

Showing  the  Composition  of  Gases  Produced  by  Destructive 
Distillation  of  Williamson  County  Coal. 


Components  of  the  Gas 

Coal 

Residue 

Extract 

Carbon  dioxide 

•Ethylene  

Oxygen  

Carbon  monoxide  

Hydrogen  

Methane  

7.1 

3.1 

.6 

12.8 

50.7 

17.3 

1.9 

6.5 

6.9 

2.9 

.8 

16.5 

46.0 

20.5 

2. 8 

3.6 

2.6 

.7 
11.8 
51.8 
18.2 

*#Ethane    

Nitrogen  

5.0 

Including  higher  homologues  and  benzene. 
Including  higher  homologues  calculated  as  ethane. 


Coke  from   Vermilion  County  Coal. 


Fig.  8. 

Insoluble  Residue  from  Vermilion 

County  Coal — After  Destructive 

Distillation. 


Fig.  9. 
Phenol  Soluble  Extract  from  Vermil- 
ion County  Coal — After  De- 
structive  Distillation, 


Fig.  io. 
Coke  from   Vermilion   County  Coal. 


Fig.  ii. 
Insoluble    Residue    from    Williamson 
County  Coal — After  Destruc- 
tive Distillation. 


Fig.  12. 
Phenol    Soluble    Extra<  r    from    Wil- 
liamson   County    Coalt— After 
Destructive   Distillation, 


Fig.  13. 

Coke  from   Vermilion   County   Coal 

Without   Previous   Heating 


Fig.  14. 

Same  as  in  Fig.  13. 

Previously  Heated  26  Hours  at   105' 


Fig.  15. 

Same  as  in  Fig.  13. 

Previously  Heated  50  Hours  at   105' 


Fig.  16. 

Same  as  in  Fig.  13. 

Previously  Heated  120  Hours  at  1050. 


Fir,.  17.  Fin.  18. 

Coke   from    Williamson   County   Coal  Same  as  in  Fig.   17. 

Without  Previous  Heating.  Previously   Heated  26   Hours  at  105' 


fie.   19. 

Same  as   in    Fig.    17. 

Previously   1 1  eated  50   I  [ours   at 

[05  . 


Fig.  20. 

Same  as  in   Fig.  17. 

Previously  Heated  120  Hours  at  105' 


Fig.  21. 

Coke  from  Soluble  Extract,  Vermilion 

County  Coal.     No   Previous 

Heating  of   Extract. 


Fig.  22. 

Same  as  in  Fig.  21. 

Previously  Heated  50  Hours  at   105' 


Fig.  24. 

Same  as  in  Fig.  21. 

Previously  Heated  216  Hours  at  105* 


Fig.  23. 

Same  as  in  Fig.  21. 

Previously  Heated  122  Hours  at  105° 


Fig.  25. 

Coke  from  Insoluble  Residue,  Vermel 

ion  County  Coal.     No  Previous 

Heating   of    Residue. 


Fig.  26. 
Same  as   in   Fig.  25. 
Previously   Heated  50  Hours  at  io= 


Fig.  27. 

Same  as  in  Fig.  25. 

Previously  Heated  122  Hours  at  105' 


Fig.  28 

Same  as  in   Fig.  25. 
Previously  Heated  216  Hours  at  105' 


Fig.  29. 

Coke  from  Soluble  Extract,  William 

son  County  Coal.    No  Previous 

Heating   of  Extract. 


Fig.  30. 

Same  as  in   Fig.  29. 

Previously  Heated  90  Hours  at  105' 
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Fig.  31. 

Same  as  in  Fig.  29. 

Previously  Heated  242  Hours  at  105' 
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Fig.  32. 
Coke   from    Insoluble    Residue,    Wil- 
liamson County  Coal.     No  Pre- 
vious Heating  of  Residue. 


Fig.  33. 

Same  as   in   Fig.  32. 

Previously   Heated  90  Hours  at  105s 


Fig.  34. 

Same  as  in   Fig.  32. 

Previously    Heated  jjj  Hours   \i    [05 
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The  work  ■  of  Clark  and  Wheeler1  on  the  extract  and  residue 
which  was  obtained  by  the  extraction  of  coal  with  pyridine,  showed  a 
marked  difference  in  the  percentage  composition  of  the  gases  which 
were  produced  by  the  destructive  distillation  of  these  substances.  The 
methane  and  ethane  in  the  gas  from  the  extract  were  larger  in  amount 
than  that  obtained  from  the  gas  of  the  residue. 

From  their  results  it  may  be  supposed  that  similar  results  might 
be  obtained  by  the  destructive  distillation  of  the  residue  and  extract 
obtained  by  extraction  of  coal  with  phenol.  The  above  results  as  indi- 
cated in  Tables  20  and  21  do  not  show  an  increase  in  the  amount  of 
methane  in  the  gas  from  the  extract  but  instead  there  was  a  decrease 
in  this  constituent  and  an  increase  in  the  hydrogen  content. 

It  will  be  observed  in  Table  20  that  the  amount  of  carbon  dioxide 
was  high  in  all  of  the  gases.  This  fact  taken  in  conjunction  with  the 
fact  that  the  Vermilion  County  coal  had  been  in  a  finely  ground  condi- 
tion for  some  time  suggested  that  oxidation  had  taken  place.  This 
led  to  a  consideration  of  that  problem  which  will  be  treated  under  a 
subsequent  heading. 

The  properties  of  the  material  which  remained  in  the  test  tube 
after  thermal  decomposition,  were  very  characteristic. 

The  coal  gave  a  good  sound  coke  of  shiny  appearance. 
The  residue  gave  a  very  poor  coke.    It  could  be  easily  broken  and 
possessed  a  dull  appearance. 

The  extract  gave  a  very  light  and  friable  material.  It  had  a  very 
smooth  surface  after  the  glass  was  broken  away.  The  surface  was 
much  brighter  than  that  of  the  coke  produced  from  the  coal. 

Photographs  of  the  residues  are  shown  in  Figs.  7-12.  Fig.  7  is 
of  Vermilion  County  coal ;  Fig.  8,  residue ;  and  Fig.  9,  extract.  Fig.  10 
is  of  the  Williamson  County  coal;  Fig.  11,  residue;  and  Fig.  12,  extract. 
16.  The  Effect  of  Oxidation  on  the  Volatile  Matter  Determina- 
tion.— From  some  of  the  previous  work  it  became  evident  that  oxida- 
tion was  playing  an  important  role  in  producing  changes  in  the  residue 
and  extract.  It  is  a  well-known  fact  that  when  coal  is  exposed  it 
gradually  loses  its  coking  properties,  and  that  this  is  due  to  the  absorp- 
tion of  oxygen.  It  was  desired  to  know  if  this  was  oxidation  or  sim- 
ple absorption  of  oxygen.  The  first  experiments  were  made  on  the 
coal  itself.  It  was  desired  to  see  what  effect  heating  at  105 °  would 
have  on  the  percentage  of  volatile  matter. 

Coals  from  Vermilion  County,  and  Williamson  County  were 
heated  in  air  at  105 °  for  different  lengths  of  time  and  volatile  matter 
determinations  were  made  at  successive  stages  of  oxidation.  The  re- 
sults on  these  two  coals  are  given  in  Table  22. 


1.     J.  Chem.  Soc,   103,   1710    (1913). 
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Table  22. 

Showing  the  Percentage  of  Volatile  Matter  in  Coal  After 

Continued  Heating  at  105". 


Vermilion  County  Coal 

Williamson 

County  Coal 

Time  after 

Heating. 

Hours 

Volatile 
Matter 
in  coal 

Difference 

Volatile 
Matter 
in  coal 

Difference 

0 

26 

50 

120 

44.36 
42.39 
41.78 
40.51 

0.00 
—1.97 
—2.58 
—3.85 

37.85 
39.22 
36.75 
35.91 

0.00 
+  0.37 
—1.10 
—1.94 

These  results  show  that  the  volatile  matter  decreased  with  pro- 
gressive heating.  The  plus  result  which  was  obtained  in  the  case  of 
the  Williamson  County  coal  was  in  all  probability  a  variable  in  the 
volatile  matter  determination.  From  the  results  of  these  two  coals  the 
decrease  in  volatile  matter  was  more  rapid  in  the  case  of  the  coal  which 
had  the  higher  percentage  in  the  beginning.  The  material  remaining 
in  the  crucible  after  the  determinations  indicated  very  plainly  that  the 
length  of  time  of  heating  affected  the  coking  properties  as  shown 
below. 

The  Vermilion  County  coal  gave  a  very  poor  coke  after  120  hours' 
heating.  Figs.  13  to  16  show  the  material  after  the  volatile  matter 
determination.  Fig.  13,  coal  without  heating;  Fig.  14,  after  heating 
26  hours;  Fig.  15,  after  heating  50  hours;  Fig.  16,  after  heating  120 
hours. 

The  Williamson  County  coal  after  heating  120  hours  would  not 
coke.  Figs.  17  to  20  show  the  material  after  the  volatile  matter  deter- 
mination. Fig.  17,  coal  without  heating;  Fig.  18,  after  heating  26 
hours ;  Fig.  19,  after  heating  50  hours ;  Fig.  20,  after  heating  120  hours. 

The  study  of  the  effect  of  oxidation  on  the  amount  of  volatile 
matter  was  extended  to  the  residue  and  extract.  The  residue  and 
extract  from  the  Vermilion  County  coal  were  heated  for  various  lengths 
of  time  and  volatile  matter  determinations  made.  The  results  are 
given  in  Table  23. 

Table  23. 

Showing  the  Percentage  of  Volatile  Matter  in  the  Residue  and 

Extract  after  Heating  at  105 °,  Vermilion  County. 


Time    of 
I  [eating. 

Hours 

Volatile 

Matter 
in   Residue 

Difference 

Volatile 

Matter 

in   Extract 

Difference 

0 

50 

122 

216 

43.53 

4J.75 
61.08 

50.45 

0.00 

_  (1 
4-17.55 
-4-    7.02 

52.22 

47. OS 
48.23 

0.00 
—0.57 
—5.11 
—4.56 
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On  examining  these  results  it  will  be  noted  that  the  percentage 
of  volatile  matter  in  the  extract  decreased  with  the  length  of  time  of 
heating.  It  thus  acted  similarly  to  coal.  On  the  other  hand,  the  resi- 
due increased  in  the  amount  of  volatile  matter.  This  increase  may  be 
accounted  for  by  the  fact  that  during  the  volatile  matter  determination 
there  was  an  excess  of  sparking.  The  material  acted  similarly  to 
lignite  coal  when  an  attempt  is  made  to  coke  a  finely  ground  sample. 
There  was  evidence  of  considerable  mechanical  loss.  The  greater 
avidity  of  the  residue  for  oxygen  would  also  tend  to  increase  the 
indicated  amount  of  volatile  matter  by  reason  of  the  ultimate  formation 
of  C02  from  the  oxygen  absorbed. 

The  material  which  remained  after  the  volatile  matter  determina- 
tion was  of  special  interest.  Figs.  21  to  24  show  the  extract  after  the 
volatile  matter  determination;  Fig.  21,  extract  without  previous  heat- 
ing; Fig.  22,  after  heating  50  hours;  Fig.  23,  after  heating  122  hours; 
Fig.  24,  after  heating  216  hours.  Heating  the  extract  for  50  hours 
yields  a  more  voluminous  material  by  the  volatile  matter  determination 
than  is  produced  by  the  extract  without  heating.  After  heating  216 
hours  the  extract  had  lost  all  tendency  to  swell  but  it  still  retained  a 
slight  coking  tendency,  i.  e.,  the  material  did  not  fall  to  pieces. 

Figs.  25  to  28  relate  to  the  same  source  of  material  from  Vermil- 
ion County,  and  show  the  material  that  remained  after  the  volatile 
matter  determination  was  made  on  the  residue;  Fig.  25  is  the  coke 
from  residue  without  previous  heating;  Fig.  26,  after  heating  50 
hours;  Fig.  27,  after  heating  122  hours;  Fig.  28,  after  heating  216 
hours.  If  a  volatile  matter  determination  is  made  on  the  residue  pre- 
vious to  heating  a  material  is  produced  that  will  just  adhere.  After 
heating,  the  residue  loses  what  little  coking  ability  it  originally  pos- 
sessed. 

The  residue  and  extract  from  Williamson  County  coal  were  also 
subjected  to  prolonged  heating  at  105 °.  The  results  are  presented  in 
Table  24. 

Table  24. 

Showing  the  Percentage  of  Volatile  Matter  in  the  Residue  and 
Extract  after  Heating  at  105 °,  Williamson  County  Coal. 


Time  after 

Heating. 

Hours 

Volatile 

Matter 

in  Residue 

Difference 

Volatile 

Matter 

in  Extract 

Difference 

0 

90 

242 

37.44 
56.40 
67.33 

0.00 
+  18.96 
+  29.89 

47.21 
44.19 
42.68 

0.00 
—3.02 
—4.53 
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A  discussion  of  these  results  on  Williamson  County  coal  will  not 
be  taken  up  for  they  are  identical  in  character  with  those  obtained 
from  the  Vermilion  County  coal. 

Figs.  29  to  31  show  the  material  which  remained  after  the  volatile 
matter  determination  of  the  extract  from  Williamson  County  coal. 
Fig.  29,  extract  without  heating;  Fig.  30,  after  heating  90  hours;  Fig. 
31,  after  heating  242  hours. 

Figs.  32  to  34  show  the  material  which  remained  after  the  volatile 
matter  determination  was  made  on  the  residue  from  Williamson 
County  coal;  Fig.  32,  residue  without  heating;  Fig.  33,  after  heating 
90  hours ;  Fig.  34,  after  heating  242  hours. 

Reviewing  this  phase  of  the  study  it  is  seen  that  Figs.  7  to  34 
inclusive,  illustrate  the  effect  of  oxidation  such  as  may  occur  upon 
simple  exposure  to  the  air  at  room  temperature  and  at  1050,  and  for 
varying  lengths  of  time.  The  temperature  employed  for  the  destruct- 
ive distillation  was  approximately  8oo°.  Before  applying  this  tem- 
perature the  samples  were  subjected  to  a  vacuum  for  the  purpose  of 
removing  the  surrounding  oxygen  as  well  as  that  which  might  have  been 
occluded  by  the  sample.  The  effect  upon  the  insoluble  residues  of  long 
exposure  to  a  temperature  of  105  °  is  hardly  noticeable  so  far  as  modi- 
fying the  coking  property  of  that  material  is  concerned,  for  the  reason 
that  this  substance,  even  without  exposure  to  oxidation,  is  practically 
devoid  of  any  tendency  to  coke  when  highly  heated.  Quite  the  con- 
trary is  true  in  the  case  of  the  soluble  extract.  Its  tendency  to  coke 
and  so  to  ultimately  produce  coke  is  marked,  but  after  long  exposure 
to  oxidizing  conditions  this  property  is  practically  lost.  This  feature 
also  characterizes  the  coal,  the  unseparated  extractive  material  being 
sufficiently  pronounced  in  its  behavior  to  govern  the  effect  of  oxidation 
on  the  unheated  coal. 

17.  The  Effect  of  Oxidation  on  the  Amount  of  Material  Ex- 
tracted from  Coal  by  Phenol. — The  further  effect  of  oxidation  was 
noticed  in  a  number  of  different  ways.  For  example,  the  amount  of 
material  which  could  be  extracted  from  coal  depended  to  a  certain 
degree  on  the  extent  of  oxidation. 

Williamson  County  coal  was  heated  for  five  days  at  1050  in  an 
atmosphere  of  oxygen.  The  amount  of  material  extracted  from  this 
coal  is  shown  in  Table  25. 
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Table  25. 

Showing  the  Effect  of  Oxidation  on  the  Amount  of  Residue 

and  Extract  in  Coal,  Williamson  County. 


Weight    of    residue. 
Weight    of    extract. 


Coal   not 

previously 

heated 


3.777 
1.484 


Coal  heated 

before 
extracting 


4.102 
1.094 


Change 


+  •325 
—.390 


A  finely  ground  sample  of  Vermilion  County  coal  was  kept  in  a 
closed  jar  for  four  months.  This  coal  was  extracted  with  phenol  and 
the  amount  of  residue  and  extract  determined.  The  coal  was  also 
heated  at  105 °  for  varying  lengths  of  time  in  oxygen  and  subsequently 
extracted  with  phenol.  The  results  of  these  experiments  are  shown 
in  Table  26. 

Table  26. 

Showing  the  Effect  of  Oxidation  on  the  Amount  of  Residue 

and  Extract  in  Coal. 


Condition   of  Coal 

Weight  of 
Residue 

Increase  in 

Weight  of 

Residue 

Weight  of 
Extract 

Loss  in 

Weight  of 

Extract 

Fresh     

3.236 
3.494 
3.821 
3.860 
3.802 
3.795 

0.000 
+   .258 
+   .585 
+   .624 
+   .566 
+   .559 

1.826 
1.601 
1.325 
1.259 
1.242 
1.353 

0.000 

Standing  4  mo 

—  .225 

Heated    3    days 

Heated    6    days 

Heated    10    days 

Heated    15    days 

—  .501 

—  .567 

—  .584 

—  .473 

From  the  results  in  Tables  25  and  26  it  is  seen  that  the  oxidation 
of  coal  increases  the  amount  of  residue  insoluble  in  phenol,  and  that 
the  decreased  solubility  becomes  very  marked  when  the  coal  is  com- 
pletely oxidized.  Also  it'  should  be  noted  that  in  the  sample  of  coal 
which  was  preserved  in  the  sample  bottle  there  was  a  decrease  in  the 
amount  of  soluble  material.  Thus  the  coal  was  being  slowly  oxidized 
although  it  was  not  directly  exposed  to  the  air.  The  fact  that  coal  is 
so  readily  oxidized  should  be  kept  in  mind  in  any  work  on  coal  and 
especially  in  work  of  the  present  nature. 

18.  The  Effect  of  Oxidation  on  the  Composition  of  the  Gases 
Produced  by  Destructive  Distillation. — During  the  work  on  the  de- 
structive distillation  of  coal  as  noted  on  page  28  one  gas  was  produced 
which  was  high  in  the  amount  of  carbon  dioxide.  This  result,  when 
considered  in  connection  with  the  fact  that  the  sample  of  coal  was  not 
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fresh,  and  in  the  light  of  the  preceding  experiment,  would  indicate  that 
oxidation  had  taken  place.  It  was  desired  to  see  what  effect  oxidation 
of  the  extract  and  residue  would  produce  in  the  composition  of  the 
gases  when  destructively  distilled.  In  order  to  have  a  sample  of  coal 
which  was  not  already  partially  oxidized,  a  fresh  sample  of  Vermilion 
County  coal  was  secured.  The  residue  and  extract  from  this  coal 
were  destructively  distilled  and  the  gases  analyzed.  The  residue  and 
extract  were  also  heated  at  105°  for  24  hours  and  then  destructively 
distilled.     The  results  from  the  analyses  are  as  follows: 

Table  27. 
Showing  the  Composition  of  Gases  Produced  by  Destructive  Dis- 
tillation of  Residue  and  Extract,  Vermilion  County  Coal. 


Gas 


Carbon    dioxide   ... 

^Ethylene    

Oxygen    

Carbon   monoxide 

Hydrogen    

Methane    

Ethane     

Nitrogen    


From  Residue 

not 

oxidized 


5.2 

4.8 

.3 

15.1 

44.1 

26.2 

3.6 


From  Residue 

From  Extract 

From  Extract 

oxidized  by 

not 

oxidized  by 

heating 

oxidized 

heating 

8.7 

6.8 

10.0 

4.6 

5.1 

4.2 

.3 

.2 

.4 

15.2 

11.9 

19.0 

43.0 

40.5 

44.8 

24.0 

24.0 

17.4 

3.3 

7.3 

3.2 

.9 

4.2 

1.0 

The  residue  and  extract  from  the  old  sample  of  Vermilion  County 
coal  were  heated  for  48  hours  at  105°  in  the  air.  They  were  then 
destructively  distilled  and  the  gases  analyzed.  For  purposes  of  com- 
parison some  of  the  residue  and  extract  which  had  not  been  heated 
were  destructively  distilled  and  the  gases  analyzed.  The  results  are 
presented  in  Table  28. 

Table  28. 
Showing  the  Composition  of  Gases  Produced  by  Destructive  Dis- 
tillation of  Residue  and  Extract,  Vermilion  County  Coal. 


Gas 

From   Residue 

oxidized  by 
standing  only 

From   Residue 
oxidized  by 

heating 

From  Extract 

oxidized  by 
standing  only 

From  Extract 

oxidized  by 

heating 

8.3 
5.2 

.9 
14.2 
39.8 
23.1 

3.4 
5.1 

14.4 

3.5 

.1 

18.S 

40.5 
20.4 

a 

10.1 

4.0 

.4 

21.0 

40. S 
16.3 

4.o 

12.4 

3.2 

.3 

Carbon    monoxide   

1  Ivdrogen    

Methane    

♦'Ethane  

Nitrogen    

14.6 
50.0 
15.6 

1.4 

Including   higher   homologues  and   benzene. 
Including  higher  homologues  calculated  as  ethane. 
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Extracts  from  the  Vermilion  County  coal  and  also  from  William- 
son County  wefe  heated  for  a  much  longer  time  and  then  destructively 
distilled.  The  extract  from  the  Vermilion  County  coal  was  heated  for 
216  hours  at  1050  and  that  from  Williamson  County  for  264  hours. 
The  results  are  given  in  Table  29. 


Table  29. 

Showing  the  Composition  of  Gases  Produced  by  the  Destructive 

Distillation  of  Extract. 


From  Vermilion  County 

From  Williamson  County. 

Gas 

Extract  after  being 

Extract  after  being 

heated  for  216  hours. 

heated  for  264  hours. 

Carbon    dioxide    

9.1 

7.9 

Ethylene     

3.7 

3  8 

Oxygen  

.3 

.4 

Carbon    monoxide    

17.9 

16.1 

Hydrogen  

44.2 

47.5 

Methane  

19.9 

20.9 

Ethane    

3.1 

2.1 

Nitrogen    : 

1.8 

1.3 

On  examining  the  data  in  Tables  27  and  28  it  is  to  be  noted  that 
the  amount  of  carbon  dioxide  in  the  gas  is  higher  after  the  material 
has  been  heated.  Also,  the  percentage  of  carbon  monoxide  increased 
in  every  case  except  one.  The  fact  that  the  percentage  of  methane  and 
ethane  in  the  gas  from  the  material  that  had  been  heated  was  reduced 
in  every  case,  should  also  be  noted.  The  above  results  seem  to  indicate 
that  the  oxygen  taken  up  during  the  heating  at  no°  was  not  held  in  an 
absorbed  condition  but  that  it  had  entered  into  chemical  combination 
with  the  material.  Furthermore  the  apparatus  was  exhausted  to  15-20 
mm.  before  the  destructive  distillation  was  started,  and  when  the  tem- 
perature was  raised,  any  oxygen  which  was  merely  occluded  would  be 
given  off  as  oxygen  before  a  temperature  was  reached  at  which  active 
oxidation  with  the  formation  of  C02  would  take  place.  As  a  result  of 
these  experiments  it  may  be  stated  that  upon  exposure  to  oxidizing 
conditions  oxygen  enters  into  chemical  combination  with  both  residue 
and  extract. 

The  results  in  Table  29  seem  to  show  that  the  oxidation  may  reach 
a  point  of  saturation  so  far  as  the  ability  of  the  molecular  structure  is 
concerned  and  that  beyond  this  point,  if  the  oxidizing  conditions  are 
continued,  a  dissipation  of  the  oxygen  compounds  may  occur,  pre- 
sumably being  discharged  as  H20.  However,  further  proof  of  this 
reaction  after  such  long  continued  periods  of  heating  should  be  made. 
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III.     Summary  and  Conclusions. 
(i)     A  study  of  solvents  for  the  purpose  of  subdividing  coal  con- 
stituents without  decomposition  was  carried  out.     Phenol  was  adopted 
as  the  most  active  solvent  for  the  purpose  of  this  investigation. 

(2)  An  apparatus  was  devised  for  carrying  out  the  extraction 
so  that  the  temperature  of  the  solvent  would  be  above  no°. 

(3)  The  application  of  the  method  to  different  types  of  coal 
showed  that  coal  varied  widely  in  the  amount  of  material  dissolved  by 
phenol.  The  amount  of  soluble  material  seemed  to  differentiate  sharply 
between  subdivisions  of  coal  types.  On  the  ash  and  moisture  free 
basis  the  high  volatile  coals  of  Vermilion  County  give  35-40  per  cent 
of  soluble  material ;  the  coals  from  Madison  and  Montgomery  Counties 
give  30-35  per  cent  and  the  low  volatile  coals  of  Williamson  County 
show  20-30  per  cent  of  soluble  material. 

(4)  Extraction  of  coal  leaves  a  residue  which  will  not  coke.  The 
coking  constituent  of  the  coal  is  in  the  extract. 

(5)  Residue  and  extract  oxidize  at  room  temperatures  and  more 
readily  at  1000,  the  rate  of  oxidation  being  more  rapid  in  the  residue. 

(6)  Residue  and  extract  possess  an  avidity  for  water  as  well  as 
oxygen  at  ordinary  temperatures.  The  residue  shows  the  greater  avid- 
ity in  both  cases. 

(7)  Volatile  matter  determinations  show  that  the  extract  contains 
more  volatile  matter  than  the  residue. 

(8)  The  ultimate  analysis  of  the  coal,  residue,  and  extract  shows 
that  the  percentage  composition  of  carbon,  hydrogen,  nitrogen,  and 
oxygen  is  substantially  the  same. 

(9)  Destructive  distillation  of  coal  residue  and  extract  gave  gases 
of  practically  the  same  composition. 

(10)  Oxidation  of  coal,  residue,  or  extract  produces  a  lowering 
in  the  percentage  of  volatile  matter. 

(11)  Oxidation  decreases  the  amount  of  material  which  may  be 
extracted  from  coal  by  phenol  and  the  coking  properties  are  decreased 
in  ryoportion  to  the  extent  of  the  oxidation. 

(12)  Oxidation  of  coal,  residue,  and  extract  is  shown  by  an 
increase  in  the  percentage  of  carbon  dioxide  in  the  gases  produced  by 
thermal  decomposition.  It  is  concluded,  therefore,  that  the  oxygen 
absorbed  is  chemically  held. 

IV.     Historical. 
Professor  Bedson1  refers  to  work  which  was  done  by  Dr.  Smythe 
on  coal  at  Gottingen  in   1851.     This  work  was  published  in  a  report 

1.     J.   Soc.   Chem.   Ind.,  27,   149   (1908). 
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printed  for  the  Commissioners  of  the  185 1  Exhibition.  A  brown  coal 
from  Briihl,  near  Cologne,  was  used  in  the  work.  The  following  sol- 
vents were  used  in  the  extraction  in  the  order  named :  benzene,  chloro- 
form, alcohol,  ethyl  ether,  petroleum  ether,  and  acetone.  Benzene 
extracted  3  per  cent  of  the  coal,  chloroform  1.8  per  cent,  and  alcohol 
2.4  per  cent.  The  other  extracts  were  very  small.  Attempts  were 
made  to  obtain  pure  substances  from  these  extracts  by  the  ordinary 
methods  of  purification  used  in  organic  chemistry. 

Reinsch1  in  1885  supposed  that  coal  was  composed  of  two  sub- 
stances, which  could  be  distinguished  by  their  action  towards  alkaline 
solution.  With  an  alkaline  solution  he  was  able  to  isolate  substances 
which  were  very  characteristic  in  not  being  attacked  by  mineral  acids. 

Baker2  in  1901  examined  the  solvent  action  of  pyridine  on  certain 
classes  of  coals.  The  extraction  was  carried  out  for  50  hours  in  a 
Soxhlet  extractor.  Anthracite  coal  from  South  Wales  gave  very  little 
material  soluble  in  pyridine.  A  bituminous  coal  from  Durham  was 
soluble  in  pyridine  to  the  extent  of  20.4  per  cent.  The  pyridine  ex- 
tracts were  dark  brown  in  color  and  showed  fluorescence  in  some  cases. 
An  ultimate  analysis  did  not  show  a  concordant  change  in  the  propor- 
tions of  elements  present  in  the  coal,  residue,  and  extract. 

Andersen  and  Henderson3  in  1902  extracted  Bengal  and  Japan 
coal  with  pyridine.  They  selected  samples  from  Boiaker  (Bengal), 
Paronai  and  Yubari  (Japan)  and  also,  for  comparison  two  Scotch 
coals :  Linrigg  Lower  Dumgray  and  Bannockburn  Main.  They  did 
not  give  the  amounts  which  were  dissolved.  The  pyridine  extract, 
after  the  removal  of  the  solvent,  possessed  a  black  lustrous  appearance 
similar  to  bitumen.  The  extract  from  all  of  the  coals  was  similar  in 
character.  Ultimate  analyses  of  the  extract  were  given  and  the  results 
showed  that  there  was  little  difference  in  the  chemical  constitution  of 
the  coals  of  Bengal  and  Japan,  from  those  of  Scotland.  They  stated 
that  pyridine  was  the  best  solvent  that  had  been  used.  The  percentage 
of  carbon,  hydrogen,  and  nitrogen  in  the  extract  was  about  the  same 
as  that  in  the  original  coal.  The  coking  properties  of  a  poor  coal 
could  be  entirely  removed  but  that  it  was  only  partially  removed  in  a 
strong  coking  coal. 

Professor  Bedson4  in  1908  worked  upon  the  pyridine  extract  from 
certain  gas  coals.  The  coals  varied  from  22  to  33  per  cent  of  pyridine 
extract.     Also,  four  Cannel  coals  were  extracted  giving  from  7  to  29 


1.  Dingl.   Poly.    T.,   256.   224.     (Chem.   Soc.  A,   48,  876;    1885). 

2.  Trans.  North  Engl.  Inst.  Mining  and  Mech.  Eng.,  50,  [2],  23   (1901).      (J.  Soc.  Chem. 
Ind.,   20,   789;    1901). 

3.  T.    Soc.   Chem.   Ind.,   21,   242    (1902). 

4.  J.    Soc.   Chem.   Ind.,   27,    147    (1908). 
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per  cent  of  extract.  Bedson  called  attention  to  the  fact  that  in  the 
first  six  coals  the  percentage  of  volatile  matter  is  not  far  removed 
from  the  percentage  of  pyridine  extract.  After  commenting  upon  this 
fact  he  decided  that  it  would  be  dangerous  to  base  any  definite  con- 
clusions upon  this  fact  alone.  Although  those  coals  were  "gas"  coals 
and  similar  in  character,  frequently  substances  identical  in  chemical 
constitution,  give  marked  differences  in  physical  properties.  So  that 
in  coal  work  any  problem  may  not  be  considered  from  the  purely  sta- 
tistical standpoint  alone. 

Through  Bedson,  Blair1  became  interested  in  the  proximate  con- 
stituents of  coal.  Blair  extracted  coal  from  the  Busley  Seam  of  the 
Botley  Colliery.  After  freeing  the  extract  from  pyridine,  it  was  ex- 
tracted with  solvents  in  the  following  order :  petroleum  ether,  ethyl 
ether,  absolute  alcohol  and  chloroform.  Only  a  scanty  descrip- 
tion of  these  compounds  was  given.  A  complete  account  of  the  results 
was  reserved  for  another  communication. 

Professor  Lewes2  in  1912,  in  a  series  of  lectures  on  coal  carboni- 
zation has  reviewed  some  of  the  work  upon  the  extraction  of  coal  with 
pyridine.  He  himself  had  done  some  work  but  the  results  with  the 
exception  of  one  analysis  were  not  given.  He  states  that  in  all  proba- 
bility the  coking  property  of  a  poor  coking  coal  can  be  entirely  removed 
by  pyridine  and  that  such  will  not  be  the  case  with  a  strong  coking  coal, 
for  the  reason  that  in  the  latter  case  some  of  the  resinic  bodies  resist 
the  solvent  action  of  pyridine.  Lewes  in  his  criticism  of  pyridine  as  a 
solvent,  points  out  the  following  facts  as  objections  to  it.  He  has 
worked  on  some  coals  that  gave  a  higher  percentage  of  volatile  matter 
after  extraction  than  they  did  before.  He  gives  some  results  of  Ander- 
sen and  Henderson  and  claims  that  they  show  the  same  property.  How- 
ever, the  results  which  he  compared  were  not  apparently  considered 
by  the  authors  as  comparable.  Professor  Lewes  states  that  the  increase 
in  volatile  matter  in  the  residue  over  the  original  volatile  matter  in  the 
coal  can  only  be  taken  to  mean  that  pyridine  has  formed  an  additional 
product  in  some  way.  However,  Clark  and  Wheeler,  as  well  as  Wahl. 
in  work  to  be  mentioned  later,  found  that  the  residue  did  not  increase 
as  to  the  percentage  of  volatile  matter.  It  was  noted  that  in  some 
cases  when  an  ultimate  analysis  was  made  of  the  extract,  the  amount 
of  nitrogen  was  greater  than  it  was  in  the  coal,  in  spite  oi  the  fact  that 
the  extract  had  been  carefully  washed  free  from  pyridine.  Further- 
more, the  two  most  successful  solvents,  according  to  I, ewes,  were 
aniline  and  pyridine, — both  organic  bases.    The  same  effect  is  produced 


1.  T.  Soc.  Chem.  Ind.,  27.  150  HQOS). 

2.  Progressive   Age,   29,    1030    (1911). 
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upon  coal  by  these  solvents  as  with  NaOH,  i.  e.,  a  non-coking  residue 
remains.  Sodium  hydroxide  is  known  to  saponify  resinic  substances, 
and  it  is  probable  that  pyridine  and  aniline  form  a  compound  with  some 
of  the  resin,  which  is  soluble  in  an  excess  of  the  solvent.  Of  course, 
this  would  be  shown  in  the  high  nitrogen  content  of  the  extract. 

Lewes  gives  the  following  conclusions :  "These  considerations 
seem  to  make  it  clear  that  the  resin  constituents  condition  the  coking 
of  coal  during  destructive  distillation,  and  that  they  are  of  at  least  two 
kinds — the  one  easily  oxidizable,  soluble  in  pyridine  and  saponifiable 
by  alkalies,  and  which  on  weathering  is  oxidized  into  a  humus  body 
with  the  evolution  of  water  and  carbon  dioxide,  and  is  responsible  for 
the  heating  of  coal  in  storage;  the  other  class  non-oxidizable,  not 
saponified  by  alkalies,  and  forming  with  pyridine  a  compound  insoluble 
in  excess  of  the  reagent,  and  this  class  may  be  the  hydrocarbons  from 
decomposed  resins,  as  the  residue  in  which  they  are  present  yields  rich 
liquid  hydrocarbons,  as  tar  and  pitch,  but  not  rich  in  gas". 

A.  Wahl1  in  1912,  extracted  a  number  of  coals  with  pyridine. 
Volatile  matter  determinations  were  made  before  and  after  the  extrac- 
tion. The  percentage  of  volatile  matter  in  the  coal  was  from  13  to  55 
per  cent  and  after  extraction,  the  volatile  matter  in  the  residue  was 
slightly  lower,  in  some  cases  as  much  as  5  per  cent.  The  amount  of 
material  extracted  was  from  6  to  26  per  cent.  The  coke  which  was 
produced  from  the  residue  was  harder  and  more  compact  than  that  of 
the  coal.  The  material  dissolved  by  the  pyridine  was  an  amorphous 
brown  solid,  which  produced  a  voluminous  coke.  The  ultimate  analy- 
ses of  coal  and  pyridine  extract  were  given  in  some  cases,  but  these 
showed  scarcely  any  difference  in  composition. 

In  1912,  Frazer  and  Hoffman2  published  a  paper  on  "The  Con- 
stituents of  Coal  Soluble  in  Phenol".  They  tried  the  effect  of  a  num- 
ber of  reagents  and  organic  solvents  on  coal  and  found  that  pyridine, 
aniline  and  phenol  removed  the  largest  amount  of  soluble  material. 
The  published  report  was  concerned  with  those  constituents  of  coal  solu- 
ble in  phenol.  Illinois  coal  from  Franklin  County  was  used  in  the 
extraction.  The  amount  extracted  was  10.87  per  cent,  calculated  on 
a  moisture  and  ash  free  basis.  After  freeing  the  extract  from  phenol 
rjy  distillation  an  analysis  gave  ash  2.16  per  cent.  In  the  light  of  the 
present  investigation  this  amount  of  ash  in  the  extract  seems  to  be 
abnormally  high.  By  the  use  of  sodium  hydroxide  and  organic  solv- 
ents such  as  ether,  acetic  acid,  methyl  alcohol,  acetone,  benzene  and 
petroleum  ether,  they  were  able  to  separate  the  extract  into  certain 


1.  Comtes   rend.,    154,    1094    (1912). 

2.  Technical   Paper   5,   Bureau   of   Mines. 
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portions,  which  when  distilled  in  vacuo,  gave  varying  physical  prop- 
erties. Analyses  of  these  substances  were  made.  The  authors  con- 
cluded that  in  the  absence  of  evidence  to  the  contrary  coal  substance 
soluble  in  phenol  was  present  as  such  in  the  coal  itself.  They  also 
believed  that  some  of  the  substances  isolated  were  approximately  pure 
compounds,  but  this  could  not  be  proven  absolutely  on  account  of  the 
small  amount  of  material  which  they  had  at  their  disposal.  They 
intend  to  follow  the  investigation  using  pyridine  as  a  solvent. 

Pictet  and  Ramseyer,1  in  1913,  extracted  large  quantities  of 
washed  coal  from  Montrambert  (Loire)  with  benzene.  From  248 
kg.  coal,  almost  244  grams  of  almost  black,  quite  fluid  oil  were  obtained. 
They  distilled  this  at  various  temperatures  and  pressures  and  worked 
on  the  different  fractions.  From  their  studies  they  think  that  coal  con- 
tains among  other  constituents  polymerized  hydroaromatic  hydrocar- 
bons. 

In  1913,  Clark  and  Wheeler2  in  a  paper  on  the  "Volatile  Constitu- 
ents of  Coal"  described  some  of  their  work  on  the  extraction  of  coal 
with  phenol.  They  contend  that  coal  is  composed  of  two  different 
types  of  bodies,  which  possess  different  degrees  of  ease  of  decomposi- 
tion. They  called  the  two  constituents,  the  "hydrogen-yielding"  and 
the  "paraffin-yielding",  respectively.  However,  they  did  not  mean  to 
say  that  above  a  certain  temperature,  one  type  of  body  decomposes 
and  that  below  that  temperature  it  will  not  decompose.  From  their 
experiments  on  coal  they  concluded  that  because  of  an  increase  in  the 
amount  of  hydrogen  evolved  between  7500  and  8oo°,  that  there  was  a 
hydrogen-yielding  constituent  in  coal.  They  did  not  mean  to  designate 
by  a  hydrogen-yielding  constituent  one  which  gave  all  hydrogen,  or  by 
a  paraffin-yielding  constituent  one  that  gave  all  paraffin,  but  one  which 
gave  a  predominance  of  hydrogen  or  paraffin.  It  was  also  shown  by 
them  that  the  temperature  of  the  destructive  distillation  influenced  to 
a  large  extent  the  kind  of  gas  given  off.  Clark  and  Wheeler  extracted 
coal  with  pyridine  and  then  the  pyridine  extract  was  itself  extracted 
with  chloroform.  Tt  was  noted  from  the  ultimate  analysis  that  the 
increase  in  the  amount  of  nitrogen  in  the  residue  and  extract  was  2.75 
per  cent,  showing  that  nitrogen  was  being  added  from  some  source. 
Data  were  given  for  the  analysis  of  gases  which  were  produced  by  the 
destructive  distillation  of  the  pyridine  extract,  pyridine  residue,  chlo- 
roform extract  and  chloroform  residue,  and  for  dehydrated  cellulose. 
The  gas  which  was  produced  from  the  pyridine  extract  contained  a 
larger  amount  of  methane  than  the  gas  from  the  residue.     The  results 
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in  the  case  of  the  present  investigation  did  not  show  this  difference. 
From  the  results  obtained  they  did  not  hesitate  to  identify  the  pyridine 
residue  as  a  degradation  product  of  cellulose  but  they  were  doubtful 
if  all  of  the  pyridine  extract  was  resinous  in  character.  However,  by 
extracting  the  pyridine  soluble  material  with  chloroform,  they  thought 
they  were  able  to  get  out  material  consisting  almost  entirely  of  resinous 
matter.  Detailed  methods  of  extraction  and  of  destructive  distillation 
were  given. 
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